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This book is intended as a guide to the selection or design of the 
principal kinds of chemical process equipment by engineers in 
school and industry. The level of treatment assumes an elementary 
knowledge of unit operations and transport phenomena. Access to 
the many design and reference books listed in Chapter 1 is 
desirable. For coherence, brief reviews of pertinent theory are 
provided. Emphasis is placed on shortcuts, rules of thumb, and data 
for design by analogy, often as primary design processes but also for 
quick evaluations of detailed work. 

Ail answers to process design questions cannot be put into а 
book. Even at this late date in the development of the chemical 
industry, it is common to hear authorities on most kinds of 
equipment say that tbeir equipment can be properly fitted to a 
particular task only on the basis of some direct laboratory and pilot 
plant work. Nevertheless, much guidance and reassurance аге 
obtainable from general experience and specific examples of 
successful applications, which this book attempts to provide. Much 
of the information is supplied in numerous tables and figures, which 
often deserve careful study quite apart from the text. 

The general background of process design, flowsheets, and 
process control is reviewed in tbe introductory chapters. The major 
kinds of operations and equipment are treated in individual 
chapters. Information about peripheral and less widely employed 
equipment in chemical plants is concentrated in Chapter 19 with 
references to key works of as much practical value as possible. 
Because decisions often must be based on economic grounds, 
Chapter 20, on costs of equipment, rounds out the book. 
Appendixes provide examples of equipment rating forms and 
manufacturers' questionnaires. 

Chemical process equipment is of two kinds: custom designed 
and built, or proprietary “off the shelf.” For example, the sizes and 
performance of custom equipment such as distillation towers, 
drums, and heat exchangers are derived by the process engineer on 
the basis of established principles and data, although some 
mechanical details remain in accordance with safe practice codes 
and individual fabrication practices. 

Much proprietary equipment (such as filters, mixers, conveyors, 
and so on) has bcen developed largely without benefit of much 
theory and is fitted to job requirements also without benefit of much 
theory. From the point of view of the process engineer, such 
equipment is predesigned and fabricated and made available by 
manufacturers in limited numbers of types, sizes, and capacities. 
The process design of proprietary equipment, as considered in this 
book, establishes its required performance and is a process of 
selection from the manufacturers’ offerings, often with their 
recommendations от on the basis of individual experience. 
Compiete information is provided in manufacturers' catalogs. 
Several classified lists of manufacturers of chemical process 
equipment are readily accessible, so no listings are given here. 
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Because more than one kind of equipment often is suitable for 
particular applications and may be available from several 
manufacturers, comparisons of equipment and typical applications 
are cited liberally. Some features of industrial equipment are largely 
arbitrary and may be standardized for convenience in particular 
industries or individual plants. Such aspects of equipment design are 
noted when feasible. 

Shortcut methods of design provide solutions to problems in a 
Short time and at small expense. They must be used when data are 
limited or when the greater expense of a thorough method is not 
justifiable. In particular cases they may be employed to obtain 
information such as: 


1. an order of magnitude check of the reasonableness of a result 
found by another lengthier and presumably accurate computa- 
tion or computer run, 

2. a quick check to find if existing equipment possibly can be 
adapted to a new situation, 

3. a comparison of alternate processes, 

4. a basis for a rough cost estimate of a process. 


Shortcut methods occupy a prominent place in such a broad survey 
aud limited space as this book. References to sources of more 
accurate design procedures are cited when available. 

Another approach to engineering work is with rules of thumb, 
which are statements of equipment performance that may obviate 
all need for further calculations. Typical examples, for instance, arc 
that optimum reflux ratio is 20% greater than minimum, that a 
suitable cold oil velocity in a fired heater is 6 ft/sec, or that the 
efficiency of a mixer-settler extraction stage is 70%. Тһе trust that 
can be placed in a rule of thumb depends on the authority of the 
propounder, the risk associated with its possible inaccuracy, and the 
economic balance between the cost of a more accurate evaluation 
and suitable safety factor placed on the approximation. All 
experienced engineers have acquired such knowledge. When 
applied with discrimination, rules of thumb are a valuable asset to 
the process design and operating engineer, and are scattered 
throughout this book. 

Design by analogy, which is based on knowledge of what has 
been found to work in similar areas, even though not necessarily 
optimally, is another valuable technique. Accordingly, specific 
applications often are described in this book, and many examples of 
specific equipment sizes and performance are cited. 

For much of my insight into chemical process design, I am 
indebted to many years' association and friendship with the late 
Charles W. Nofsinger who was a prime practitioner by analogy, rule 
of thumb, and basic principles. Like Dr. Dolittle of Puddleby-on- 
the-Marsh, “Пе was a proper doctor and knew a whole lot." 
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Although experienced engineers know where to find information 
and bow to make accurate computations, they also keep a minimum 
body of information in mind on the ready, made up largely of 
shortcuts and rules of thumb. The present compilation may fit into 
such a minimum body of information, as a boost to the memory or 
extension in some instances into less often encountered areas. It is 
derived from the material in this book and is, in a sense, a digest of 
the book. 

An Engineering Rule of Thumb is an outright statement 
regarding suitable sizes or performance of equipment that obviates 
all need for extended calculations. Because any brief statements are 
subject to varying degrees of qualification, they are most safely 
applied by engineers who are substantially familiar with the topics. 
Nevertheless, such rules should be of value for approximate design 
and cost estimation, and should provide even the inexperienced 
engineer with perspective and a foundation whereby the reason- 
ableness of detailed and computer-aided results can be appraised 
quickly, particularly on short notice such as in conference. 

Everyday activities also are governed to a large extent by rules 
of thumb. They serve us when we wish to take a course of action 
but are not in a position to find the best course of action. Of interest 
along this line is an amusing and often useful list of some 900 such 
digests of everyday experience that has been compiled by Parker 
(Rules of Thumb, Houghton Mifflin, Boston, 1983). 

Much more can be stated in adequate summary fashion about 
some topics than about others, which accounts in part for the 
spottiness of the present coverage, but the spottiness also is due to 
ignorance and oversights on the part of the author. Accordingly, 
every engineer undoubtedly will supplement or modify this material 
in his own way. 


COMPRESSORS AND VACUUM PUMPS 


1. Fans are used to raise the pressure about 3% (12in. water), 

blowers raise to less than 40 psig, and compressors to higher 

pressures, although the blower range commonly is included in 
the compressor range. 

. Vacuum pumps: reciprocating piston type decrease the pressure 
to 1 Torr; rotary piston down to 0.001 Torr, two-lobe rotary 
down to 0.0001 Torr; steam jet ejectors, one stage down to 
100 Torr, three stage down to 1 Torr, five stage down to 
0.05 Torr. 

. A three-stage cjector needs 10016 steam/Ib air to maintain a 
pressure of 1 Torr. 

. In-leakage of air to evacuated equipment depends on the 
absolute pressure, Torr, and the volume of the equipment, V 
сий, according to w = КУ? lb/hr, with k = 0.2 when P is more 
than 90 Torr, 0.08 between 3 and 20 Torr, and 0.025 at less than 
1 Torr. 

. Theoretical adiabatic horsepower (ТНР) = [((SCFM)7;/8130a] 
{(P,/P,)* – 1], where T, is inlet temperature in ^F + 460 and 
a={k—1)/k, к-С,/С,. 

. Outlet temperature 7, = ТІ(Р,/ Py". 

. To compress ай from 100°F, К —1.4, compression ratio — 3, 
theoretical power required = 62 HP/million cuft/day, outlet 
temperature 306°F. 

. Exit temperature should not exceed 350-400°F; for diatomic 
gases (C,/C, = 1.4) this corresponds to г compression ratio of 
about 4. 
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. Compression ratio should be about the same in each stage of a 
multistage unit, ratio = (P,/P,)!", with n stages. 

Efficiencies of reciprocating compressors: 65% at compression 
ratio of 1.5, 75% at 2.0, and 80-85% at 3-6. 

Efficiencies of large centrifugal compressors, 6000--100,000 
ACFM at suction, are 76-78%. 

Rotary compressors have efficiencies of 70%, except liquid liner 
type which have 50%. 


10. 
11. 


12. 


CONVEYORS FOR PARTICULATE SOLIDS 


1. Screw conveyors are suited to transport of even sticky and 
abrasive solids up inclines of 20° or so. They are limited to 
distances of 150 ft or so because of shaft torque strength. A 
12in. dia conveyor can handle 1000-3000 cuft/hr, at speeds 
ranging from 40 to 60 rpm. 

. Belt conveyors are for high capacity and long distances (a mile or 
more, but only several hundred feet in a plant), up inclines of 
30° maximum. А 24in. wide belt can carry 3000 cuft/hr at a 
speed of 100 ft/min, but speeds up to 600 ft/min are suited to 
some materials. Power consumption is relatively low. 

. Bucket elevators are suited to vertical transport of sticky and 
abrasive materials. With buckets 20 х 20 in. capacity can reach 
1000 cuft/hr at a speed of 100 ft/min, but speeds to 300 ft/min 
are used. 

- Drag-type conveyors (Redler) are suited to short distances in any 
direction and are completely enclosed. Units range in size from 
3in. square to 19in. square and may travel from 30 ft/min (fly 
ash) to 250 ft/min (grains). Power requirements are high. 

. Pneumatic conveyors are for high capacity, short distance (400 ft) 
transport simultaneously from several sources to several 
destinations. Either vacuum or low pressure (6-12 psig) is 
employed with a range of air velocities from 35 to 120 ft/sec 
depending on the material and pressure, air requirements from 1 
to 7 cuft/cuft of solid transferred. 


COOLING TOWERS 


1. Water in contact with air under adiabatic conditions eventually 
cools to the wet bulb temperature. 

In commercial units, 9096 of saturation of the air is feasible. 
Relative cooling tower size is sensitive to the difference between 


the exit and wet bulb temperatures: 


AT (°F) 5 
Relative volume 2.4 


2. 
3. 


15 
1.0 


25 
0.55 


. Tower fill is of a highly open structure so as to minimize pressure 
drop, which is in standard practice a maximum of 2 in. of water. 

. Water circulation rate is 1-4gpm/sqft and air rates are 
1300-1800 Ib/(hr)(sqft) or 300—400 ft/min. 

. Chimney-assisted natural draft towers are of hyperboloidal 
shapes because they have greater strength for a given thickness; 
a tower 250 ft high has concrete walls 5—6 in. thick. The enlarged 
cross section at the top aids in dispersion of exit humid air into 
the atmosphere. 

. Countercurrent induced draft towers are the most common in 
process industries. They are able to cool water within 2°F of the 
wet bulb. 

. Evaporation losses are 1% of the circulation for every 10°F of 
cooling range. Windage or drift losses of mechanical draft towers 
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аге 0.1-0.3%. Blowdown of 2.5-3.0% of the circulation is 
necessary to prevent excessive salt buildup. 


CRYSTALLIZATION FROM SOLUTION 


1. 


Complete recovery of dissolved solids is obtainable by 
evaporation, but only to the eutectic composition by chilling. 
Recovery by melt crystallization also is limited by the eutectic 
composition. 


. Growth rates and ultimate sizes of crystals are controlled by 


limiting the extent of supersaturation at any time. 


. The ratio $ = C/C,4 of prevailing concentration to saturation 


concentration is kept near the range of 1.02-1.05. 


. In crystallization by chilling, the temperature of the solution is 


kept at most 1-22Ғ below the saturation temperature at the 
prevailing concentration. 


. Growth rates of crystals under satisfactory conditions are in the 


range of 0.1-0.8 mm/hr. The growth rates are approximately the 
same in all directions. 


. Growth rates are influenced greatly by the presence of impurities 


and of certain specific additives that vary from case to case. 


DISINTEGRATION 


1. 


Percentages of material greater than 50% of the maximum size 
are about 50% from rolls, 15% from tumbling mills, and 5% 
from closed circuit ball mills. 


. Closed circuit grinding employs external size classification and 


return of oversize for regrinding. The rules of pneumatic 
conveying are applied to design of air classifiers. Closed circuit is 
most common with ball and roller mills. 


. Jaw crushers take lumps of several feet in diameter down to 4 in. 


Stroke rates arc 100—300/min. The average feed is subjected to 
8-10 strokes before it becomes small enough to escape. 
Gyratory crushers are suited to slabby feeds and make a more 
rounded product. 


. Roll crushers are made either smooth or with teeth. А 24 in. 


toothed roll can accept lumps 14in. dia. Smooth rolls effect 
reduction ratios up to about 4. Speeds аге 50-900 rpm. Capacity 
is about 25% of the maximum corresponding to a continuous 
ribbon of material passing through the rolls. 


. Hammer mills beat (һе material until it is small enough to pass 


through the screen at the bottom of the casing. Reduction ratios 
of 40 are feasible. Large units operate at 900 rpm, smaller ones 
up to 16,000 rpm. For fibrous materials the screen is provided 
with cutting edges. 


. Rod mills are capable of taking feed as large as 50mm and 


reducing it to 300 mesh, but normally the product range is 8-65 
mesh. Rods are 25-150 mm dia. Ratio of rod length to mill 
diameter is about 1.5. About 45% of the mill volume is occupied 
by rods. Rotation is at 50-65% of critical. 


. Ball mills are better suited than rod mills to fine grinding. The 


charge is of cqual weights of 1.5, 2, and 3 in. balls for the finest 
grinding. Volume occupied by the balls is 50% of the mill 
volume. Rotation speed is 70-80% of critical. Ball mills have а 
length to diameter ratio in the range 1-1.5. Tube mills have a 
ratio of 4—5 and are capable of very fine grinding. Pebble mills 
have ceramic grinding elements, used when contamination with 
metal is to be avoided. 


. Roller mills employ cylindrical or tapered surfaces that roll along 


flatter surfaces and crush nipped particles. Products of 20—200 
mesh are made. 


DISTILLATION AND GAS ABSORPTION 


1. 


10. 
11. 
. Peak efficiency of trays is at values of the vapor factor 


13. 
14. 
15. 


16. 


17. 


18. 


19. 


Distillation usually is the most economical method of separating 
liquids, superior to extraction, adsorption, crystallization, or 
others. 


. For ideal mixtures, relative volatility is the ratio of vapor 


pressures a; = Р,/Р,. 


. Tower operating pressure is determined most often by the 


temperature of the available condensing medium, 100-120°F if 
cooling water; or by the maximum allowable reboiler 
temperature, 150 psig steam, 366°F. 


. Sequencing of columns for separating multicomponent mix- 


tures: (a) perform the easiest separation first, that is, the one 
least demanding of trays and reflux, and leave the most difficult 
to the last; (b) when neither relative volatility nor fced 
concentration vary widely, remove the components one by one 
as overhead products; (c) when the adjacent ordered 
components in the feed vary widely in relative volatility, 
sequence the splits in the order of decreasing volatility; (d) 
when the concentrations in the feed vary widely but the relative 
volatilities do not, remove the components in the order of 
decreasing concentration in the feed. 


. Economically optimum reflux ratio is about 1.2 times the 


minimum reflux ratio R,,,. 


. The economically optimum number of trays is near twice the 


minimum value №. 


. The minimum number of trays is found with the Fenske- 


Underwood equation 


№» = log([x/(1 — х)]оуһа/[Х/(1 — Хи} ОВ a. 


. Minimum reflux for binary or pseudobinary mixtures is given by 


the following when separation is esentially complete (хь —1) 
and D/F is the ratio of overhead product and feed rates: 


R,,D/F = 1/(а— 1), when feed is at the bubblepoint, 
(Rm + 1)D/F = а|(а —1), when feed is at the dewpoint. 


‚ А safety factor of 10% of the number of trays calculated by the 


best means is advisable. 
Reflux pumps are made at least 25% oversize. 
For reasons of accessibility, tray spacings are made 20—24 in. 


E- uVp, in the range 1.0-1.2 (ft/sec) Vlb/cuft. This range of 
F, establishes the diameter of the tower. Roughly, linear 
velocities are 2ft/sec at moderate pressures and 6ft/sec in 
vacuum. 

The optimum value of the Kremser-Brown absorption factor 
А = K(V/L) is in the range 1.25-2.0. 

Pressure drop per tray is of the order of 3 in. of water or 0.1 psi. 
Tray efficiencies for distillation of light hydrocarbons and 
aqueous solutions are 60-90%; for gas absorption and 
stripping, 10-20%. 

Sieve trays have holes 0.25—0.50 in. dia, hole area being 10% of 
the active cross section. 

Valve trays have holes 1.5 in. dia each provided with a liftable 
cap, 12-14 caps/sqft of active cross section. Valve trays usually 
are cheaper than sieve trays. 

Bubblecap trays are used only when a liquid level must be 
maintained at low turndown ratio; they can be designed for 
lower pressure drop than either sieve or valve trays. 

Weir heights are 2 in., weir lengths about 75% of tray diameter, 
liquid rate a maximum of about 8 gpm/in. of weir; multipass 
arrangements are used at high liquid rates. 


20. 


2. 


22. 


25. 


27. 


29. 


Packings of random and structured character are suited 
especially to towers under 3 ft dia and where low pressure drop 
is desirable. With proper initial distribution and periodic 
redistribution, volumetric efficiencies can be made greater than 
those of tray towers. Packed internals are used as replacements 
for achieving greater throughput or separation in existing tower 
shells. 

For gas rates of 500 сіт, use lin. packing; for gas rates of 
2000 cfm or more, use 2 in. 

Тһе ratio of diameters of tower and packing should be at least 
15. 


. Because of deformability, plastic packing is limited to a 10-15 ft 


depth unsupported, metal to 20—25 ft. 


. Liquid redistributors are needed every 5-10 tower diameters 


with pall rings but at least every 20 ft. The number of liquid 
streams should be 3—5/sqft in towers larger than 3 ft dia (some 
experts say 9—12/sqft), and more numerous in smaller towers. 
Height equivalent to а theoretical plate (HETP) for 
vapor-liquid contacting 15 1.3-1.8ft for Тіп. рай rings, 
2.5-3.0 ft for 2 іп. pall rings. 


. Packed towers should operate near 70% of the flooding rate 


given by the correlation of Sherwood, Lobo, et al. 

Reflux drums usually are horizontal, with a liquid holdup of 5 
min half full. А tekeoff pot for a second liquid phase, such as 
water in hydrocarbon systems, is sized for a linear velocity of 
that phase of 0.5 ft/sec, minimum diameter of 16 in. 


. For towers about 3ft dia, add 4ft at the top for vapor 


disengagement and 6ft at the bottom for liquid level and 
reboiler return. 

Limit the tower height to about 175 ft max because of wind load 
and foundation considerations. An additional criterion is that 
L/D be less than 30. 


DRIVERS AND POWER RECOVERY EQUIPMENT 


i. 


Efficiency is greater for larger macbines. Motors are 85-95%; 
steam turbines are 42-78%; gas engines and turbines are 
28-38%. 


. For under 100 HP, electric motors are used almost exclusively. 


They are made for up to 20,000 HP. 


. Induction motors are most popular. Synchronous motors are 


made for speeds as low as 150rpm and are thus suited for 
example for low speed reciprocating compressors, but arc not 
made smaller than 50 HP. A variety of enclosures is available, 
from weather-proof to explosion-proof. 


. Steam turbines are competitive above 100 HP. They are speed 


controllable. Frequently they are employed as spares in case of 
power failure. 


. Combustion engines and turbines are restricted to mobile and 


remote locations. 


. Gas expanders for power recovery may be justified at capacities 


of several hundred HP; otherwise any needed pressure reduction 
in process is effected with throttling valves. 


DRYING OF SOLIDS 


1. 


Drying times range from a few seconds in spray dryers to 1 hr or 
less in rotary dryers and up to several hours or even several days 
in tunnel shelf or belt dryers. 


. Continuous tray and belt dryers for granular material of natural 


size or pelleted to 3-15 mm have drying times in the range of 
10-200 min. 


. Rotary cylindrical dryers operate with superficial air velocities of 


5-10 ft/sec, sometimes up to 35ft/sec when the material is 
coarse. Residence times are 5-90 min. Holdup of solid is 7-8%. 
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An 8596 free cross section is taken for design purposes. Ín 
countercurrent flow, the exit gas is 10-20°C above the solid; in 
parallel flow, the temperature of the exit solid is 100°С. Rotation 
speeds of about 4rpm are used, but the product of rpm and 
diameter in feet is typically between 15 and 25. 


. Drum dryers for pastes and slurries operate with contact times of 


3-12 sec, produce flakes 1-3 mm thick with evaporation rates of 
15-30 kg/m? hr. Diameters are 1.5-5.0 ft; the rotation rate is 
2-10 rpm. The greatest evaporative capacity is of the order of 
3000 Ib/hr in commercial units. 


. Pneumatic conveying dryers normally take particles 1-3 mm dia 


but up to 10mm when the moisture is mostly on the surface. Air 
velocities are 10-30 m/sec. Single pass residence times аге 
0.5~3.0 sec but with normal recycling the average residence time 
is brought up to 60 sec. Units in use range from 0.2 m dia by 1m 
high to 0.3m dia by 38m long. Air requirement is several 
ЗСЕМЛЬ of dry product/hr. 


. Fluidized bed dryers work best on particles of а few tenths of a 


mm dia, but up to 4 mm dia have been processed. Gas velocities 
of twice the minimum  fluidization velocity are a safe 
prescription. In continuous operation, drying times of 1-2 min 
are enough, but batch drying of some pharmaceutical products 
employs drying times of 2-3 hr. 


. Spray dryers: Surface moisture is removed in about 5sec, and 


most drying is completed in less than 60 sec. Parallel flow of air 
and stock is most common. Atomizing nozzles have openings 
0.012-0.15in. and operate at pressures of 300-4000 psi. 
Atomizing spray wheels rotate at speeds to 20,000rpm with 
peripheral speeds of 250—600 ft/sec. With nozzles, the length to 
diameter ratio of the dryer is 4-5; with spray wheels, the ratio is 
0.5-1.0. For the final design, the experts say, pilot tests in a unit 
of 2 m dia should be made. 


EVAPORATORS 


1. 


. In. forced circulation, 


Long tube vertical evaporators with either natural or forced 
circulation are most popular. Tubes are 19-63 mm dia and 
12-30 ft long. 

linear velocities in the tubes аге 


15-20 ft/sec. 


. Elevation of boiling point by dissolved solids results in 


differences of 3-10°F between solution and saturated vapor. 


. When the boiling point rise is appreciable, the economic number 


of effects in series with forward feed is 4—6. 


. When the boiling point rise is small, minimum cost is obtained 


with 8-10 effects in series. 


. In backward feed the more concentrated solution is heated with 


the highest temperature steam so that heating surface is 
lessened, but the solution must be pumped between stages. 


. The steam economy of an N-stage battery is approximately 


0.8N Ib evaporation/Ib of outside steam. 


. Interstage steam pressures can be boosted with steam jet 


compressors of 20-30% efficiency or with mechanical compres- 
sors of 70-75% efficiency. 


EXTRACTION, LIQUID-LIQUID 


1. 


The dispersed phase should be the one that has the higher 
volumetric rate except in equipment subject to backmixing 
where it should be the one with the smaller volumetric rate. It 
should be the phase that wets the material of construction less 
well. Since the holdup of continuous phase usually is greater, 
that phase should be made up of the less expensive or less 
hazardous material. 
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2. There are no known commercial applications of reflux to 
extraction processes, although the theory is favorable (Treybal). 

3. Mixer-settler arrangements are limited to at most five stages. 
Mixing is accomplished with rotating impellers or circulating 
pumps. Settlers are designed on the assumption that droplet 
sizes are about 150 um dia. In open vessels, residence times of 
30-60 min or superficial velocities of 0.5-1.5 ft/min are provided 
in settlers. Extraction stage efficiencies commonly are taken as 
8096. 

4. Spray towers even 20-40% high cannot be depended on to 
function as more than a single stage. 

5. Packed towers are employed when 5-10 stages suffice. Pall rings 
of 1-1.5in. size are best. Dispersed phase loadings should not 
exceed 25 gal/(min) (sqft). HETS of 5-10 ft may be realizable. 
The dispersed phase must be redistributed every 5-7 ft. Packed 
towers are not satisfactory when the surface tension is more than 
10 dyn/cm. 

6. Sieve tray towers have holes of only 3-8 mm dia. Velocities 
through the holes are kept below 0.8 ft/sec to avoid formation of 
small drops. Redispersion of cither phase at each tray can be 
designed for. Tray spacings are 6—24 in. Tray efficiencies are in 
the range of 20-30%. 

7. Pulsed packed and sieve tray towers may operate at frequencies 
of 90 cycles/min and amplitudes of 6—25 mm. In large diameter 
towers, HETS of about 1 m has been observed. Surface tensions 
as high as 30-40 dyn/cm have no adverse effect. 

8. Reciprocating tray towers can have holes 9/16 in. dia, 50-60% 
open area, stroke length 0.75 їп., 100-150 strokes/min, plate 
spacing normally 2in. but in the range 1-біп. In a 30 in. dia 
tower, HETS is 20—25 in. and throughput is 2000 gal/(hr)(sqft). 
Power requirements are much less than of pulsed towers. 

9. Rotating disk contactors or other rotary agitated towers realize 
HETS in the range 0.1—0.5 m. The especially efficient Kuhni 
with perforated disks of 40% free cross section has HETS 0.2m 
and a capacity of 50 m*/m? hr. 


FILTRATION 


1. Processes are classified by their rate of cake buildup in a 
laboratory vacuum leaf filter: rapid, 0.1—10.0 cm/sec; medium, 
0.1-10.0 cm/min; slow, 0.1-10.0 cm/hr. 

2. Continuous filtration should not be attempted if 1/8in. cake 
thickness cannot be formed in less than 5 min. 

3. Rapid filtering is accomplished with belts, top feed drums, or 
pusher-type centrifuges. 

4. Medium rate filtering is accomplished with vacuum drums or 
disks or pecler-type centrifuges. 

5. Slow filtering slurries are handled in pressure filters or 
sedimenting centrifuges. 

6. Clarification with negligible cake buildup is accomplished with 
cartridges, precoat drums, or sand filters. 

7. Laboratory tests are advisable when the filtering surface is 
expected to be more than a few square meters, when cake 
washing is critical, when cake drying may be a problem, or when 
precoating may be needed. 

8. For finely ground ores and minerals, rotary drum filtration rates 
may be 1500 Ib/(day)(sqft), at 20rev/hr and 18-25in. Hg 
vacuum. 

9. Coarse solids and crystals may be filtered at rates of 6000 
Ib/(day)(sqft) at 20 rev/hr, 2-6in. Hg vacuum. 


FLUIDIZATION OF PARTICLES WITH GASES 


1. Properties of particles that are conducive to smooth fluidization 
include: rounded or smooth shape, enough toughness to resist 


attrition, sizes in the range 50-500 wm dia, a spectrum of sizes 
with ratio of largest to smallest in the range of 10—25. 


. Cracking catalysts are members of a broad class characterized by 


diameters of 30-150 ит, density of 1.5 g/mL or so, appreciable 
expansion of the bed before fluidization sets in, minimum 
bubbling velocity greater than minimum fluidizing velocity, and 
rapid disengagement of bubbles. 


. The other extreme of smoothly fluidizing particles is typified by 


coarse sand and glass beads both of which have been the subject 
of much laboratory investigation. Their sizes are in the range 
150—500 um, densities 1.5-4.0 g/mL, small bed expansion, about 
the same magnitudes of minimum bubbling and minimum 
fluidizing velocities, and also have rapidly disengaging bubbles. 


. Cohesive particles and large particles of 1 mm or more do not 


fluidize well and usually are processed in other ways. 


. Rough correlations have been made of minimum fluidization 


velocity, minimum bubbling velocity, bed expansion, bed level 
fluctuation, and disengaging height. Experts recommend, 
however, that any real design be based on pilot plant work. 


. Practical operations are conducted at two or more multiples of 


the minimum fluidizing velocity. In reactors, the entrained 
material is recovered with cyclones and returned to process. In 
dryers, the fine particles dry most quickly so the entrained 
material need not be recycled. 


HEAT EXCHANGERS 


1. 


2. 


10. 
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Take true countercurrent flow in a shell-and-tube exchanger as 
a basis. 

Standard tubes are 3/4in. OD, 1 іл. triangular spacing, 16 ft 
long; a shell 1 ft dia accommodates 100 sqft; 2 ft dia, 400 sqft, 
3 ft dia, 1100 sqft. 


. Tube side is for corrosive, fouling, scaling, and high pressure 


fluids. 


. Shell side is for viscous and condensing fluids. 
. Pressure drops are 1.5 psi for boiling and 3-9 psi for other 


services. 


. Minimum temperature approach is 20°F with normal coolants, 


10°F or less with refrigerants. 


. Water inlet temperature is 90°F, maximum outlet 120°F. 
. Heat transfer coefficients for estimating purposes, 


Btu/(hr)(sqft) CF): water to liquid, 150; condensers, 150; liquid 
to liquid, 50; liquid to gas, 5; gas to gas, 5; reboiler, 200. Max 
flux in reboilers, 10,000 Btu/(hr)(sqft). 


. Double-pipe exchanger is competitive at duties requiring 


100—200 зай. 

Compact (plate and fin) exchangers have 350sqft/cuft, and 
about 4 times the heat transfer per cuft of shell-and-tube units. 
Plate and frame exchangers are suited to high sanitation 
services, and are 25-50% cheaper in stainless construction than 
shell-and-tube units. 


. Air coolers: Tubes are 0.75—1.00 іп. OD, total finned surface 


15-20 sqft/sqft bare surface, U = 80-100 Btu/(hr)(sqft bare 
surface)(F), fan power input 2-5 HP/(MBtu/hr), approach 
50°Е or more. 


. Fired heaters: radiant rate, 12,000 Btu/(hr)(sqft); convection 


rate, 4000; cold oil tube velocity, 6 ft/sec; approx equal transfers 
of heat in tbe two sections; thermal efficiency 70-75%; flue gas 
temperature 250-350°Е above feed inlet; stack gas temperature 
650-950?F. 


INSULATION 


1. 
2. 


Up to 650°F, 85% magnesia is most used. 
Up to 1600-1900°F, a mixture of asbestos and diatomaceous 
earth is used. 


ы 


. Under windy conditions 


. Ceramic refractories at higher temperatures. 
. Cyrogenic equipment (—200°F) employs insulants with fine pores 


in which air is trapped. 


. Optimum thickness varies with temperature: 0.5іп. at 200°F, 


1.0in. at 400°F, 1.25 in. at 600°F. 
(7.5 miles/hr), 
thickness of insulation is justified. 


10-20% greater 


MIXING AND AGITATION 


1. 


Mild agitation is obtained by circulating the liquid with an 
impeller at superficial velocities of 0.1-0.2 ft/sec, and intense 
agitation at 0.7-1.0 ft/sec. 


. Intensities of agitation with impellers in baffled tanks are 


measured by power input, HP/1000 gal, and impeller tip speeds: 


Operation HP/1000gal Тір speed (it/min) 
Blending 0.2-0.5 
Homogensous reaction 0.5--1.5 7.5-10 
Reaction with heat transfer 1.5-5.0 10-15 
Liquid-—liquid mixtures 5 15-20 
Liquid-gas mixtures 5-10 15-20 
Slurries 10 


. Proportions of a stirred tank relative to the diameter D: liquid 


level = D; turbine impeller diameter = D/3; impeller level above 
bottom = 2/3; impeller blade width = D/15; four vertical baffles 
with width = D/10. 


. Propellers are made a maximum of 18 in., turbine impellers to 


9 ft. 


. Gas bubbles sparged at the bottom of the vessel will result in 


mild agitation at a superficial gas velocity of 1ft/min, severe 
agitation at 4 ft/min. 


. Suspension of solids with a settling velocity of 0.03 ft/sec is 


accomplished with either turbine or propeller impellers, but 
when the settling velocity is above 0.15 ft/sec intense agitation 
with a propeller is needed. 


. Power to drive a mixture of a gas and a liquid can be 25-50% 


less than the power to drive the liquid alone. 


. In-line blenders are adequate when a second or two contact time 


is sufficient, with power inputs of 0.1—0.2 HP/gal. 


PARTICLE SiZE ENLARGEMENT 


1. 


The chief methods of particle size enlargement are: compression 
into a mold, extrusion through a die followed by cutting or 
breaking to size, globulation of molten material followed by 
solidification, agglomeration under tumbling or otherwise 
agitated conditions with or without binding agents. 


. Rotating drum granulators have length to diameter ratios of 2-3, 


speeds of 10-20 rpm, pitch as much as 10°. Size is controlled by 
Speed, residence time, and amount of binder; 2-5 mm dia is 
common. 


. Rotary disk granulators produce a more nearly uniform product 


than drum granulators. Fertilizer is made 1.5-3.5 mm; iron ore 
10-25 mm dia. 


. Roll compacting and briquetting is done with rolls ranging from 


130mm dia by 50mm wide to 910mm dia by 550mm wide. 
Extrudates are made 1—10 mm thick and are broken down to size 
for any needed processing such as feed to tabletting machines or 
to dryers. 


. Tablets are made in rotary compression machines that convert 


powders and granules into uniform sizes. Usual maximum 
diameter is about 1.5in., but special sizes up to 4in. dia are 
possible. Machines operate at 100 rpm or so and make up to 
10,000 tablets/min. 


. Extruders make pellets by forcing powders, pastes, and melts 


8. 
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through a die followed by cutting. An 8 in. screw has a capacity 
of 2000 lb/hr of molten plastic and is able to extrude tubing at 
150—300 ft/min and to cut it into sizes as small as washers at 
8000/min. Ring pellet extrusion mills have hole diameters of 
1.6-32mm. Production rates cover a range of 30-200 
Ib/(hr)(HP). 


. Prilling towers convert molten materials into droplets and allow 


them to solidify in contact with an air stream. Towers as high as 
60 m are used. Economically the process becomes competitive 
with other granulation processes when a capacity of 200- 
400 tons/day is reached. Ammonium nitrate prills, for example, 
аге 1.6—3.5 mm dia in the 5-95% range. 

Fluidized bed granulation is conducted in shallow beds 12-24 in. 
deep at air velocities of 0.1-2.5 m/s or 3-10 times the minimum 
fluidizing velocity, with evaporation rates of 0.005- 
1.0 kg/m? sec. One product has а size range 0.7-2.4 mm dia. 


PIPING 


1. 


Line velocities and pressure drops, with line diameter D in 
inches: liquid pump discharge, (5-- D/3) ft/sec, 2.0 psi/100 ft; 
liquid pump suction, (1.3 + D/6) ft/sec, 0.4 psi/100 ft; steam or 
gas, 20D ft/sec, 0.5 psi/100 ft. 


. Control valves require at least 10 psi drop for good control. 
. Globe valves are used for gases, for control and wherever tight 


shutoff is required. Gate valves are for most other services. 


. Screwed fittings are used only on sizes 1.5in. and smaller, 


flanges or welding otherwise. 


. Flanges and fittings are rated for 150, 300, 600, 900, 1500, or 


2500 psig. 


. Pipe schedule number = 1000P/S, approximately, where P is the 


internal pressure psig and S is the allowable working stress 
(about 10,000 psi for A120 carbon steel at 500°F). Schedule 40 is 
most common. 


PUMPS 

1. Power for pumping liquids: HP — (gpm)(psi difference)/(1714) 
(fractional efficiency). 

2. Normal pump suction head (NPSH) of a pump must be in excess 
of a certain number, depending on the kind of pumps and the 
conditions, if damage is to be avoided. NPSH = (pressure at the 
eye of the impeller — vapor pressure)/(density). Common range 
is 4—20 ft. 

3. Specific speed №, = (rpm)(gpm)??/(head in ft) ^. Pump may be 


damaged if certain limits of N, are exceeded, and efficiency is 
best in some ranges. 


. Centrifugal pumps: Single stage Юг 15-5000 gpm, 500 ft max 


head; multistage for 20-11,000 gpm, 5500 ft max head. Efficiency 
45% at 100 gpm, 70% at 500 gpm, 80% at 10,000 gpm. 


. Axial pumps for 20-100,000 gpm, 40 ft head, 65-85% efficiency. 
. Rotary pumps 


for 1-5000gpm, 50,000 # head, 50-80% 


efficiency. 


. Reciprocating pumps for 10—10,000 gpm, 1,000,000 ft head max. 


Efficiency 70% at 10 НР, 85% at 50 HP, 90% at 500 HP. 


REACTORS 


1. The rate of reaction in every instance must be established in the 


laboratory, and the residence time or space velocity and 
product distribution eventually must be found in a pilot plant. 


2. Dimensions of catalyst particles are 0.1 mm in fluidized beds, 


1 mm in slurry beds, and 2-5 mm in fixed beds. 


3. The optimum proportions of stirred tank reactors are with 


liquid level equal to the tank diameter, but at high pressures 
slimmer proportions are economical. 
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Power input to a homogeneous reaction stirred tank is 0.5-1.5 
HP/1000 gal, but three times this amount when heat is to be 
transferred. 


. Ideal CSTR (continuous stirred tank reactor) behavior is 


approached when the mean residence time is 5-10 times the 
length of time needed to achieve homogeneity, which is 
accomplished with 500—2000 revolutions of a properly designed 
stirrer. 


. Batch reactions are conducted in stirred tanks for small daily 


production rates or when the reaction times are long or when 
some condition such as feed rate or temperature must be 
programmed in some way. 


. Relatively slow reactions of liquids and slurries are conducted 


in continuous stirred tanks. А battery of four or five in series is 
most economical. 


. Tubular flow reactors are suited to high production rates at 


short residence times (sec or min) and when substantial heat 
transfer is needed. Embedded tubes ог shell-and-tube 
construction then are used. 


. In granular catalyst packed reactors, the residence time 


distribution often is no better than that of a five-stage CSTR 
battery. 

For conversions under about 95% of equilibrium, the 
performance of a five-stage CSTR battery approaches plug 
flow. 


REFRIGERATION 


. А ton of refrigeration is the removal of 12,000 Btu/hr of heat. 
. At various temperature levels: 0-50°F, chilled brine and glycol 


solutions; —50-40°F, ammonia, freons, butane; —150-—50°F, 
ethane or propane. 


. Compression refrigeration with 100°F condenser requires these 


HP/ton at various temperature levels: 1.24 at 20°F; 1.75 at 0°F; 
3.1 at —40°F; 5.2 at —80°F. 


. Below —80°F, cascades of two or three refrigerants are used. 
. In single stage compression, the compression ratio is limited to 


about 4. 


. In multistage compression, economy is improved with interstage 


flashing and recycling, so-called economizer operation. 


. Absorption refrigeration (ammonia to —30°F, lithium bromide to 


+45°F) is economical when waste steam is available at 12 psig or 
80. 


SIZE SEPARATION OF PARTICLES 


1. 


2. 


Grizzlies that are constructed of parallel bars at appropriate 
spacings are used to remove products larger than 5 cm dia. 
Revolving cylindrical screens rotate at 15-20 rpm and below the 
critical velocity; they are suitable for wet or dry screening in the 
range of 10-60 mm. 


. Flat screens are vibrated or shaken or impacted with bouncing 


balls. Inclined screens vibrate at 600—7000 strokes/min and are 
used for down to 38 gm although capacity drops off sharply 
below 200 ит. Reciprocating screens operate in the range 
30-1000 strokes/min and handle sizes down to 0.25 mm at the 
higher speeds. 


. Rotary sifters operate at 500—600 rpm and are suited to a range 


of 12 mm to 50 ит. 
Air classification is preferred for fine sizes because screens of 150 
mesh and finer are fragile and slow. 


. Wet classifiers mostly are used to make two product size ranges, 


oversize and undersize, with a break commonly in the range 
between 28 and 200 mesh. A rake classifier operates at about 9 
strokes/min when making separation at 200 mesh, and 32 


7. 


strokes/min at 28 mesh. Solids content is not critical, and that of 
the overflow may be 2-20% or more. 

Hydrocyclones handle up to 600cuft/min and can remove 
particles in the range of 300—5 um from dilute suspensions. In 
one case, a 20in. dia unit had a capacity of 1000 gpm with a 
pressure drop of 5 psi and a cutoff between 50 and 150 um. 


UTILITIES: COMMON SPECIFICATIONS 


1. 


2. 


м > 


Steam: 15-30 psig, 250-275?F; 150 psig, 366°F; 400 psig, 448°F; 
600 psig, 488°F or with 100-150°F superheat. 

Cooling water: Supply at 80-90°F from cooling tower, return at 
115-125°F; return seawater at 110°F, return tempered water or 
steam condensate above 125°F. 


. Cooling air supply at 85—95°Е; temperature approach to process, 


40°Е. 


. Compressed air at 45, 150, 300, ог 450 psig levels. 
. Instrument air at 45 psig, 0°Е dewpoint. 
. Fuels: gas of 1000 Btu/SCF at 5-10 psig, or up to 25 psig for 


some types of burners; liquid at 6 million Btu/barrel. 


. Heat transfer fluids: petroleum oils below 60096, Dowtherms 


below 750°F, fused salts below 1100°F, direct fire or electricity 
above 450°F. 


. Electricity: 1-100 Hp, 220-550 V; 200-2500 Hp, 2300-4000 V. 


VESSELS (DRUMS) 


1. 


9 


10. 


11. 


14. 


Drums are relatively small vessels to provide surge capacity or 
separation of entrained phases. 


2. Liquid drums usually are horizontal. 
3. 
4. Optimum length/diameter = 3, but a range of 2.5-5.0 is 


Gas/liquid separators are vertical. 


common. 


. Holdup time is 5 min half full for reflux drums, 5-10 min for a 


product feeding another tower. 


. In drums feeding a furnace, 30 min half full is allowed. 
. Knockout drums ahead of compressors should hold no less than 


10 times the liquid volume passing through per minute. 


. Liquid/liquid separators are designed for settling velocity of 


2-3 in./min. 

Gas velocity in gas/liquid separators, V = kVp, /ру — 1 ft/sec, 
with k —0.35 with mesh deentrainer, k = 0.1 without mesh 
deentrainer. 

Entrainment removal of 99% is attained with mesh pads of 
4-12 in. thicknesses; біп. thickness is popular. 

For vertical pads, the value of the coefficient in Step 9 is 
reduced by a factor of 2/3. 


. Good performance can be expected at velocities of 30-100% of 


those calculated with the given К; 75% is popular. 


. Disengaging spaces of 6-18in. ahead of the pad and 12in. 


above the pad are suitable. 

Cyclone separators can be designed for 95% collection of 5 um 
particles, but usually only droplets greater than 50 um need be 
removed. 


VESSELS (PRESSURE) 


1. 


Design temperature between —20°Р and 650°F is 50°F above 
operating temperature; higher safety margins are used outside 
the given temperature range. 


. Тһе design pressure is 10% ог 10-25 psi over the maximum oper- 


ating pressure, whichever is greater. The maximum operating 
pressure, in turn, is taken as 25 psi above the normal operation. 


. Design pressures of vessels operating at 0-10 psig and 600- 


1000°Е are 40 psig. 


. For vacuum operation, design pressures are 15psig and full 
vacuum. 

. Minimum wall thicknesses for rigidity: 0.25 in. for 421п. dia and 
under, 0.32 in. for 42-60 in. dia, and 0.38 in. for over 60 in. dia. 
. Corrosion allowance 0.35іп. for known corrosive conditions, 
0.15 in. for non-corrosive streams, and 0.06 in. for steam drums 
and air receivers. 

. Allowable working stresses are one-fourth of the ultimate 
strength of the material. 

. Maximum allowable stress depends sharply on temperature. 


Temperature (°F) —20-650 750 850 1000 
Low alloy stee! 54203 (psi) 18,750 15,650 9550 2500 
Туре 302 stainless (psi) 18,750 18,750 15,900 6250 
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VESSELS (STORAGE TANKS) 


1. For less than 1000 gal, use vertical tanks on legs. 

2. Between 1000 and 10,000 gal, usc horizontal tanks on concrete 
supports. 

3. Beyond 10,000 gal, use vertical tanks on concrete foundations. 

4. Liquids subject to breathing losses may be stored in tanks with 
floating or expansion roofs for conservation. 

5. Freeboard is 15% below 500 gal and 10% above 500 gal capacity. 

6. Thirty days capacity often is specified for raw materials and 
products, but depends on connecting transportation equipment 
schedules. 

7. Capacities of storage tanks are at least 1.5 times the size of 
connecting transportation equipment; for instance, 7500 gal tank 
trucks, 34,500 gal tank cars, and virtually unlimited barge and 
tanker capacities. 
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INTRODUCTION 


hough this book :s devoted to rhe selection and 
design of individual equipment, some mention 
shouid Бе mada of integration of a number of units 
into a process. Each ров of equipment interacts 
with several others in а plant, eod the range of its required 





1.1. PROCESS DESIGN 


Process design establishes the sequence of chemical and physical 
operations, operating conditions; the duties, major specifications, 
and materials of construction (where critical) of all process 
cquipment (as distinguished from utilities and building auxiliaries); 
the general arrangement of equipment needed to ensure proper 
functioning of the plant; line sizes; and principal instrumentation. 
The process ccsign is summarized by a process flowsheet, a material 
and energy balance, and a set of individual equipment specifi- 
cations. Varying degrees of thoroughness of a process design may be 
required for different purposes. Sometimes only a preliminary 
design and cost cstimale are needed tà evaluate the advisability of 
further research ой a new process ar a proposed plant expansion or 
detailed design work; or a preliminary design may be needed to 
establish the approximate funding for a complete design and 
construction. A particulariy valuable function of preliminary design 
is that it may reveal lick of certain data needed for final design. 
Data of costs of individual equipment are supplied in this book, but 
the complete cconomics of process design ts beyond its scope. 


1.2, EQUIPMENT 


Two main categories ot process equipment аге proprietary and 
custom-designed. Proprietary equipment is designed by the 
manufacturer to meet performance specifications made Бу the user; 
these specificalians may be regarded as the process design of the 
equipment. This category includes equipment with moving parts 
such as pumps, compressors, and drivers as well as cooling towers, 
«түсте, filters, mixers, agitators, piping equipment, and valves, and 
even the structural aspects of heat exchangers, furnaces, and other 
cquipment. Custom design is needed for many aspects of chemical 
reactors, most vessels, multistage separators such as fractionators, 
and other special equipment nol amienable to complete stan- 
dardizaticn, 

Only those characteristics of equipment are specified by process 
design that are significant from the process point of view. On а 
pump, for instance, process design wil specify the operating 
conditions, capacity, pressure differential, NPSH, materials of 
construction in contact wilh process liquid, апа a few other itenis. 
but not such details as the wall thickness of the casing or the type of 
stuffing box or the nozzle sizes and the foundation dimensions— 
although most of these omitted items cventually must be known 
before a piant is ready for consiruction. Standard specilication 
forms are available for most proprietary Kinds of equipment and for 
summarizing the details of all kinds of equipment. By providing 
suitable check lists, they simplify the work by ensuring that all 
needed data have beca provided. A collection of such forms is in 
Appendix В. 

Proprietary equipment is provided “off the shelf” in limited 
sides and capacMies. Speciaj sizes thal would fit particular appii- 
cations more closely often are more expensive than a larger 


performance «s dependent on the others in terms of matenal 
and energy balances and rate processes. This chapter wall 
discuss general background matenal relating to comptete 
process design, and Chapter 2 will (reat briefly the basic topic 
of fiowsheets. 





standard size that incidentally may provide а worthwhile safety 
factor. Even largely custom-designed equipment, such as vessels, is 
subject to standardization such as discrete ranges uf head diameters, 
pressure ratings of nozzles, sizes af manways, and kinds of trays and 
packings. Many codes and standards are established by government 
agencies, insurance companies, and organizations sponsored by 
engineering societies. Some standardizations within individual 
plants are arbitrary choices from comparable methods, made 10 
simplify construction, maintenance, and repair: for example, 
restriction to instrumentation of a particular manufacturer or to a 
limited number of sizes of heat exchanger tubing or a particular 
method of installing liquid level gage glasses. АП such restrictions 
must he borne in mind by the process designer, 


VENDORS’ QUESTIONNAIRES 


А manufacturer's ог vendor's inquiry form is a questionnaire whose 
completion will give him the information on which to base a specific 
recommendation of equipment and a price. General information 
about the process in which the proposed equipment is expected to 
function, amounts and appropriate properties of the streams 
involved, and the required performance are basic. The nature of 
additional information vanes from case to case; for instance, being 
different for filters than for pneumatic conveyors. Individual 
suppliers have specific inquiry forms. A representative selection is 
in Appendix C. 


SPECIFICATION FORMS 


When completed, a specification. form is a record of the salient 
features of the equipment, the conditions under which it is ір 
operate, and их guaranteed performance. Usually il is the basis for 
а fim price quotation. Some of these forms are made up by 
organizations such as ТЕМА or АРІ, but all large. engineering 
contractors and many large operating companies have other forms 
for their awn needs. A selection of specificatioa forms is in 
Appendix B. 


1.3. CATEGORIES OF ENGINEERING PRACTICE 


Although the design of a chemical process plant is initiated by 
chemical engineers, its complete design and construction requires 
ihe inputs of other specialists: mechanical, structural, electrical, and 
instrumentation епріпсегы vesel and piping designers; and 
purchasing agents who know what may be available at attractive 
prices, On large projects ali these activities are correlated by a job 
engineer or project manager; on individual items of equipment or 
small projects, the process engineer naturally assumes this function. 
A key activity is the writing of specifications for soliciting bids and 
ultimately purchasing equipment. Specifications must be written so 
explicitly that the bidders are held to а uniform standard and a 
clear-cut choice can be made on the basis of their offerings alone. 
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Figure 1.1. Progress of material commitment, engineering 
manhours, and construction [Matozzi, Oil Gas. J. p. 304, (23 March 
1953)]. 
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Figure 1.2. Rate of application of engineering manhours of various 
categories. The area between the curves represents accumulated 
manhours for each speciality up to a given % completion of the 
project [Miller, Chem. Eng., p. 188, (July 1956)]. 


For a typical project, Figure 1.1 shows the distributions of 
engineering, material commitment, and construction efforts. Of the 
engineering effort, the process engineering is a small part. Figure 
1.2 shows that it starts immediately and finishes early. In terms of 
money, the cost of engineering ranges from 5 to 1596 or so of the 
total plant cost; the lower value for large plants that are largely 
patterned after earlier ones, and the higher for small plants or those 
based on new technology or unusual codes and specifications. 


1.4. SOURCES OF INFORMATION FOR PROCESS DESIGN 


A selection of books relating to process design methods and data is 
listed in the references at the end of this chapter. Items that arc 
especially desirable in a personal library or readily accessible are 
identified. Specialized references are given throughout the book in 
connection with specific topics. 

The extensive chemical literature is served by the bibliographic 
items cited in References, Section 1.2, Part B. The book by 
Rasmussen and Fredenslund (1980) is addressed to chemical 
engineers and cites some literature not included in some of the 
other bibliographies, as well as information about proprietary data 
banks. The book by Leesley (References, Section 1.1, Part B) has 
much information about proprietary data banks and design 
methods. In its current and earlier editions, the book by Peters and 
Timmerhaus has many useful bibliographies on classified topics. 

For information about chemical manufacturing processes, the 
main encyclopedic references are Kirk-Othmer (1978-1984), 
McKetta and Cunningham (1976-date) and Ullmann (1972-1983) 
(References, Section 1.2, Part B). The last of these is in German, 


but an English version was started in 1984 and three volumes per 
year are planned; this beautifully organized reference should be 
most welcome. 

The most comprehensive compilation of physical property data 
is that of Landolt-Bérnstein (1950-date) (References, Section 1.2, 
Part C). Although most of the material is in German, recent 
volumes have detailed tables of contents in English and some 
volumes are largely in English. Another large compilation, 
somewhat venerable but still valuable, is the International Critical 
Tables (1926-1933). Data and methods of estimating properties of 
hydrocarbons and their mixtures are in the API Data Book 
(1971-date) (References, Section 1.2, Part C). More general 
treatments of estimation of physical properties are listed in 
References, Section 1.1, Part C. There are many compilations of 
special data such as solubilities, vapor pressures, phase equilibria, 
transport and thermal properties, and so on. A few of them are 
listed in References, Section 1.2, Part D, and references to many 
others are in the References, Section 1.2, Part B. 

Information about equipment sizes and configurations, and 
sometimes performance, of equipment is best found in manufac- 
turers’ catalogs. Items 1 and 2 of References, Section 1.1, Part D, 
contain some advertisements with illustrations, but perhaps their 
principal value is in the listings of manufacturers by the kind of 
equipment. Thomas Register covers all manufacturers and so is less 
convenient at least for an initial search. The other three items of 
this group of books have illustrations and descriptions of all kinds of 
chemical process equipment. Although these books are old, one is 
surprised to note how many equipment designs have survived. 


1.5. CODES, STANDARDS, AND 
RECOMMENDED PRACTICES 


A large body of rules has been developed over the years to ensure 
the safe and economical design, fabrication and testing of 
equipment, structures, and materials. Codification of these rules 
has been done by associations organized for just such purposes, 
by professional societies, trade groups, insurance underwriting 
companies, and government agencies. Engineering contractors and 
large manufacturing companies usually maintain individual sets of 
standards so as to maintain continuity of design and to simplify 
maintenance of plant. Table 1.1 is a representative table of contents 
of the mechanical standards of a large oil company. 

Typical of the many thousands of items that are standardized in 
the field of engineering are limitations on the sizes and wall 
thicknesses of piping, specifications of the compositions of alloys, 
stipulation of the safety factors applied to strengths of construction 
materials, testing procedures for many kinds of materials, and so 
on. 

Although the safe design practices recommended by profes- 
sional and trade associations have no legal standing where they have 
not actually been incorporated in a body of law, many of them have 
the respect and confidence of the engineering profession as a whole 
and have been accepted by insurance underwriters so they are 
widely observed. Even when they are only voluntary, standards 
constitute a digest of experience that represents a minimum re- 
quirement of good practice. 

Two publications by Burklin (References, Section 1.1, Part B) 
are devoted to standards of importance to the chemical industry. 
Listed are about 50 organizations and 60 topics with which they are 
concerned. National Bureau of Standards Publication 329 contains 
about 25,000 titles of U.S. standards. The NBS-SIS service 
maintains a reference collection of 200,000 items accessible by letter 
or phone. Information about foreign standards is obtainable 
through the American National Standards Institute (ANSI). 

A Jisting of codes and standards bearing directly on process 


TABLE 1.1. Internal Engineering Standards of a Large 
Petroleum Refinery 


Appropriations and mechanical orders (10) 

Buildings—architectural (15) 

Buildings—mechanical (10) 

Capacities and weights (25) 

Contracts (10) 

Cooling towers (10) 

Correspondence (5) 

Designation and numbering rules for equipment and facilities (10) 
9 Drainage (25) 

10 Electrical (10) 

11 Excavating, grading, and paving (10) 

12 Fire fighting (10) 

13 Furnaces and boilers (10) 

14 General instructions (20) 

15 Handling equipment (5) 

16 Heat exchangers (10) 

17 Instruments and controls (45) 

18 Insulation (10) 

19 Machinery {35} 

20 Material procurement and disposition (20) 

21 Material selection (5) 

22 Miscellaneous process equipment (25) 

23 Personnel protective equipment (5) 

24 Piping (150) 

25 Piping supports (25) 

26 Plant layout (20) 

27 Pressure vesseis (25) 

28 Protective coatings (10) 

29 Roads and railroads (25) 

30 Storage vessels (45) 

31 Structural (35) 

32 Symbols and drafting practice (15) 

33 Welding (10) 


очо с ьо № ~ 


"Figures in parentheses identify the numbers of distinct standards. 


TABLE 1.2. Codes and Standards of Direct Bearing on 
Chemical Process Design (a Selection) 


А. American Institute of Chemical Engineers, 345 E. 47th St., New York, 


NY 10017 
1. Standard testing procedures; 21 have been published, for 
example on centrifuges, filters, mixers, firer heaters 
B. American Petroleum Institute, 2001 L St. NW, Washington, DC 20037 
. Recommended practices for refinery inspections 
. Guide for inspection of refinery equipment 
. Manual on disposal of refinery wastes 
. Recommended practice for design and construction of large, low 
pressure storage tanks 
6. Recommended practice for design and construction of pressure 
relieving devices 
7. Recommended practices for safety and fire protection 
C. American Society of Mechanical Engineers, 345 W. 47th St., New 
York, NY 10017 
8. ASME Boiler and Pressure Vessel Code. Sec. VIII, Unfired 
Pressure Vesseis 
9. Code for pressure piping 
10. Scheme for identification of piping systems 
D. American Society for Testing Materials, 1916 Race St., Philadelphia, 
PA 19103 
11. ASTM Standards, 66 volumes in 16 sections, annual, with about 
30% revision each year 
E. American National Standards Institute (ANSI), 1430 Broadway, New 
York, NY 10018 
12. Abbreviations, letter symbols, graphical symbols, drawing and 
drafting room practice 
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TABLE 1.2—(continued) 


F. Chemical Manufacturers' Association, 2501 M St. NW, Washington, 
DC 20037 
13. Manual of standard and recommended practices for containers, 
tank cars, pollution of air and water 
14. Chemical safety data sheets of individual chemicals 
G. Cooling Tower Institute, 19627 Highway 45 N, Spring, TX 77388 
15. Acceptance test procedure for water cooling towers of 
mechanical draft industrial type 
H. Hydraulic Institute, 712 Lakewood Center N, 14600 Detroit Ave., 
Cleveland, OH 44107 
16. Standards for centrifugal, reciprocating, and rotary pumps 
17. Pipe friction manual 
. Instrument Society of America (ISA), 67 Alexander Dr., Research 
Triangle Park, NC 27709 
18. Instrumentation flow plan symbols 
19. Specification forms for instruments 
20. Dynamic response testing of process control instrumentation 
J. Tubular Exchangers Manufacturers' Association, 25 N Broadway, 
Tarrytown, NY 10591 
21. TEMA standards 
K. International Standards Organization (ISO), 1430 Broadway, New 
York, NY 10018 
22. Many standards 


TABLE 1.3. Codes and Standards Supplementary to Process 
Design (a Selection) 





A. American Concrete Institute, 22400 W. 7 Mile Rd., Detroit, MI 48219 
1. Reinforced concrete design handbook 
2. Manual of standard practice for detailing reinforced concrete 
structures 
B. American Institute of Steel Construction, 400 N. Michigan Ave., 
Chicago, IL 60611 
3. Manual of steel construction 
4. Standard practice for steel buildings and bridges 
C. American гоп and Steel Institute, 1000 16th St. NW, Washington, DC 
20036 
5. AISI standard steel compositions 
D. American Society of Heating, Refrigerating and Air Conditioning 
Engineers (ASHRE), 1791 Tullie Circle NE, Atlanta, GA 30329 
6. Refrigerating data book 
E. Institute of Electrical and Electronics Engineers, 345 E. 47th St., New 
York, NY 10017 
7. Many standards 
F. National Bureau of Standards, Washington, DC 
8. American standard building code 
8. National electrical code 
G. National Electrical Manufacturers Association, 2101 L St. NW, 
Washington, DC 20037 
10. NEMA standards 


design is in Table 1.2, and of supplementary codes and standards in 
Table 1.3. 


1.6. MATERIAL AND ENERGY BALANCES 


Material and energy balances are based on a conservation law which 
is stated generally in the form 


input + source = output + sink + accumuiation. 


The individual terms can be plural and can be rates as well as 
absolute quantities. Balances of particular entities are made around 
a bounded region called a system. Input and output quantities of an 
entity cross the boundaries. A source is an increase in the amount 
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of the entity that occurs without a crossing of the boundary; for 
example, an increase in the sensible enthalpy or in the amount of a 
substance as a consequence of chemical reaction. Analogously, 
sinks are decreases without a boundary crossing, as the dis- 
appearance of water from a fluid stream by adsorption onto a solid 
phase within the boundary. 

Accumulations are time rates of change of the amount of the 
entities within the boundary. For example, in the absence of sources 
and sinks, an accumulation occurs when the input and output rates 
are different. In the steady state, the accumulation is zero. 

Although the principle of balancing is simple, its application 
requires. knowledge of the performance of all the kinds of 
equipment comprising the system and of the phase relations and 
pbysical properties of all mixtures that participate in the process. As 
a consequence of trying to cover a variety of equipment and 
processes, the books devoted to the subject of material and energy 
balances always run to several hundred pages. Throughout this 
book, material and energy balances are utilized in connection with 
the design of individual kinds of equipment and some processes. 
Cases involving individual pieces of equipment usually are relatively 
easy to balance, for example, the overall balance of a distillation 
column in Section 13.4.1 and of nonisothermal reactors of Tables 
17.4-17.7. When a process is maintained isothermal, only a 
material balance is needed to describe the process, unless it is also 
required to know the net heat transfer for maintaining a constant 
temperature. 

In most plant design situations of practical interest, however, 
the several pieces of equipment interact with each other, the output 
of one unit being the input to another that in turn may recycle part 
of its output to the inputter. Common examples are an 
absorber-stripper combination in which the performance of the 
absorber depends on the quality of the absorbent being returned 
from the stripper, or a catalytic cracker-catalyst regenerator system 
whose two parts interact closely. 

Because the performance of a particular piece of equipment 
depends on its input, recycling of streams in a process introduces 
temporarily unknown, intermediate streams whose amounts, com- 
positions, and properties must be found by calculation. For a 
plant with dozens or hundreds of streams the resulting mathematical 
problem is formidable and has led to the development of many 
computer algorithms for its solution, some of them making quite 
rough approximations, others more nearly exact. Usually the 
problem is solved more easily if thc performance of the equipment 
is specified in advance and its size is found after the balances are 
completed. If the equipment is existing or must be limited in size, 
the balancing process will require simultaneous evaluation of its 
performance and consequently is a much more involved operation, 
but one which can be handled by computer when necessary. 

The literature of this subject naturally is extensive. An early 
book (for this subject), Nagiev's Theory of Recycle Processes т 
Chemical Engineering (Macmillan, New York, 1964, Russian 
edition, 1958) treats many practical cases by reducing them to 
systems of linear algebraic equations that are readily solvable. The 
book by Westerberg et al., Process Flowsheeting (Cambridge Univ. 
Press, Cambridge, 1977) describes some aspects of the subject and 
has an extensive bibliography. Benedck in Steady State Flowsheeting 
of Chemical Plants (Elsevier, New York, 1980) provides a detailed 
description of one simulation system. Leesley in Computer-Aided 
Process Design (Gulf, Houston, 1982) describes the capabilities of 
some commercially available flowsheet simulation programs. Some 
of these incorporate economic balance with material and energy 
balances. A program MASSBAL in BASIC language is in the book 
of Sinnott et al., Design, Vol. 6 (Pergamon, New York, 1983); it 
can handle up to 20 components and 50 units when their several 
outputs are specified to be in fixed proportions. 





Figure 1.3. Notation of flow quantities in a reactor (1) and 
distillation column (2). A® designates the amount of component А 
in stream k proceeding from unit і to unit j. Subscripts 0 designates 
a source or sink beyond the boundary limits. Г designates а total 
flow quantity. 


A key factor in the effective formulation of material and energy 
balances is a proper notation for equipment and streams. Figure 
1.3, representing a reactor and a separator, utilizes a simple type. 
When the pieces of equipment are numbered / and j, the notation 
АӨ signifies the flow rate of substance A in stream k proceeding 
from unit i to unit j. The total stream is designated ГО. Subscript г 
designates a total stream and subscript 0 designates sources or sinks 
outside thc system. Example 1.1 adopts this notation for balancing a 
rTeactor-separator process in which the performances are specified 
in advance. 

Since this book is concerned primarily with one kind of 
equipment at a time, all that need be done here is to call attention 
to the existence of the abundant literature on these topics of recycle 
calculations and flowsheet simulation. 


1.7. ECONOMIC BALANCE 


Engineering enterprises always are subject to monetary considera- 
tions, and a balance is sought between fixed and operating costs. In 
the simplest terms, fixed costs consist of depreciation of the 
investment plus interest on the working capital. Operating costs 
include labor, raw materials, utilities, maintenance, and overheads 
which consists in turn of administrative, sales and research costs. 
Usually as the capital cost of a process unit goes up, the operating 
cost goes down. For example, an increase in control instrumenta- 
tion and automation at a higher cost is accompanied by a reduction 
in operating labor cost. Somewhere in the summation of these 
factors there is a minimum which should be the design point in the 
absence of any contrary intangibles such as building for the future 
or unusual local conditions. 

Costs of many individual pieces of equipment arc summarized 
in Chapter 20, but analysis of the costs of complete processes is 
beyond the scope of this book. References may be made, however, 
to several collections of economic analyses of chemical engineering 
interest that have becn published: 


1. AIChE Student Contest Problems (annual) (AIChE, New 
York). 


EXAMPLE 1.1 

Material Balance of a Chlorination Process with Recycle 
A plant for the chlorination has the flowsheet shown. From pilot 
plant work, with a chlorine/benzene charge weight ratio of 0.82, the 
composition of the reactor effluent is 


A. С.Н, 0.247 
B. сі, 0.100 
C. CHCl 0.3174 
D. C,H,Cl, 0.1559 
E. НСІ 9.1797 
Fresh СН, А ,, (68.0) 





Ag = 100 


Fresh Ct, 


B,, (113.2) 
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Separator no. 2 returns 80% of the unreacted chlorine to the 
reactor and separator no. 3 returns 90% of the benzene. Both 
recycle streams are pure. Fresh chlorine is charged at such a rate 
that the weight ratio of chlorine to benzene in the total charge 
remains 0.82. The amounts of other streams are found by material 
balances and are shown in parentheses on the sketch per 100 lbs of 
fresh benzene to the system. 


Recycle C 6 H в 


Recycle C1 2 










2. Bodman, Industrial Practice of Chemical Process Engineering 
(MIT Press, Cambridge, MA, 1968). 

3. Rase, Chemical Reactor Design for Process Plants, Vol. II, Case 
Studies (Wiley, New York, 1977). 

4. Washington University, St. Louis, Case Studies іп Chemical 
Engineering Design (22 cases to 1984). 


Somewhat broader in scope are: 


5. Wei et al., The Structure of the Chemical Processing Industries 
(McGraw-Hill, New York, 1979). 

6. Skinner et al., Manufacturing Policy in the Oil Industry (Irwin, 
Homewooc, IL., 1970). 

7. Skinner et al., Manufacturing Policy т the Plastics Industry 
(Irwin, Homewood, Il., 1968). 


Many briefer studies of individual equipment appear in some 
books, of which a selection is as follows: 


* Happel and Jordan, Chemical Process Economics (Dekker, New 
York, 1975): 
1. Absorption of ethanol from a gas containing СО; (p. 403). 
2. A reactor-separator for simultancous chemical reactions (p. 
419). 

. Distillation of a binary mixture (p. 385). 

. А heat exchanger and cooler system (p. 370). 

. Piping of water (p. 353). 

. Rotary dryer (p. 414). 
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ө Jelen et al., Cost and Optimization Engineering (McGraw-Hill, 
New York, 1983): 
7. Drill bit life and replacement policy (p. 223). 
8. Homogeneous flow reactor (p. 229). 
9. Batch reaction with negligible downtime (p. 236). 


ө Peters and Timmerhaus, Plant Design and Economics for 
Chemical Engineers (McGraw-Hill, New York, 1980): 
10. Shell and tube cooling of air with water (p. 688). 


е Rudd and Watson, Strategy of Process Engineering (Wiley, New 
York, 1968): 
11. Optimization of a three stage refrigeration system (р. 172). 


@ Sherwood, A Course in Process Design (MIT Press, Cambridge, 
MA, 1963): 
12. Gas transmission line (p. 84). 
13. Fresh water from sea water by evaporation (p. 138). 


® Ulrich, A Guide to Chemical Engineering Process Design and 
Economics (Wiley, New York, 1984): 
14. Multiple effect evaporator for Kraft liquor (р. 347). 


* Walas, Reaction Kinetics for Chemical Engineers (McGraw-Hill, 
New York, 1959): 
15. Optimum number of vessels іп a CSTR battery (p. 98). 


Since capital, labor, and energy costs have not escalated 
equally over the years since these studies were made, their 
conclusions are subject to reinterpretation, but the patterns of study 
that were used should be informative. 

Because of the rapid escalation of energy costs in recent years, 
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closer appraisals of energy utilizations by complete processes are 
being made, from the standpoints of both the conservation laws and 
the second law of thermodynamics. In the latter cases attention is 
focused on changes in entropy and in the related availability 
function, AB = AH — DAS, with emphasis on work as the best 
possible transformation of energy. In this way a second law analysis 
of a process will reveal where the greatest generation of entropy 
occurs and where possibly the most improvement can be made by 
appropriate changes of process or equipment. Such an analysis of a 
cryogenic process for air separation was made by Benedict and 
Gyftopolous [in Gaggioli (Ed.), Thermodynamic Second Law 
Analysis, ACS Symposium Series No. 122, American Chemical 
Society, Washington, DC, 1980]; they found a pressure drop at 
which the combination of exchanger and compressor was most 
economical. 

А low second law efficiency is not always realistically improv- 
able. Thus Weber and Meissner (Thermodynamics for Chemical 
Engineers, John Wiley, New York, 1957) found a 6% efficiency for 
the separation of ethanol and water by distillation which is not 
substantially improvable by redesign of the distillation process. 
Perhaps this suggests that more efficient methods than distillation 
should be sought for the separation of volatile mixtures, but none 
has been found at competitive cost. 

Details of the thermodynamic basis of availability analysis are 
dealt with by Moran (Availability Analysis, Prentice-Hall, 
Englewood Cliffs, NJ, 1982). He applies the method to a cooling 
tower, heat pump, a cryogenic process, coal gasification, and par- 
ticularly to the efficient use of fuels. 

An interesting conclusion reached by Linnhoff [in Seider and 
Mah (Eds.), Foundations of Computer-Aided Process Design, 
AIChE, New York, 1981] is that "chemical processes which аге 
properly designed for energy versus capital cost tend to operate at 
approximately 60% efficiency.” A major aspect of his analysis is 
recognition of practical constraints and inevitable losses. These may 
include material of construction limits, plant layout, operability, the 
need for simplicity such as limits on the number of compressor 
stages or refrigeration levels, and above all the recognition that, for 
low grade heat, heat recovery is preferable to work recovery, the 
latter being justifiable only in huge installations. Unfortunately, the 
edge is taken off the dramatic 60% conclusion by Linnhoff’s 
admission that efficiency cannot be easily defined for some 
complexes of interrelated equipment. For example, is it economical 
to recover 60% of the propane or 60% of the ethane from a natural 
gas? 


1.8. SAFETY FACTORS 


In all of the factors that influence the performance of equipment 
and plant there are elements of uncertainty and the possibility of 
error, including inaccuracy of physical data, basic correlations of 
behavior such as pipe friction or tray efficiency or gas-liquid 
distribution, necessary approximations of design methods and 
calculations, not entirely known behavior of materials of con- 
struction, uncertainty of future market demands, and changes in 
operating performance with time. The solvency of the project, the 
safety of the operators and the public, and the reputation and 
career of the design engineer are at stake. Accordingly, the 
experienced engineer will apply safety factors throughout the design 
of a plant. Just how much of a factor should be applied in a 
particular case cannot be stated in general terms because cir- 
cumstances vary widely. The inadequate performance of a 
particular piece of equipment may be compensated for by the 
superior performance of associated equipment, as insufficient trays 
in a fractionator may be compensated for by increases in reflux and 
reboiling, if that equipment can take the extra load. 


With regard to specific types of equipment, the safety factor 
practices of some 250 engineers were ascertained by a questionnaire 
and summarized in Table 1.4; additional figures are given by Peters 
and Timmerhaus (References, Section 1.1, Part В, рр. 35-37). 
Relatively inexpensive equipment that can conceivably scrve as a 
bottleneck, such as pumps, always is liberally sized; perhaps as 
much as 50% extra for a reflux pump. In an expanding industry it is 
a matter of policy to deliberately oversize certain major equipment 
that cannot be supplemented readily or modified suitably for 
increased capacity; these are safety factors to account for future 
trends. 

Safety factors should not be used to mask inadequate or 
careless design work. The design should be the best that can be 
made in the time economically justifiable, and the safety factors 
should be estimated from a careful consideration of all factors 
entering into the design and the possible future deviations from the 
design conditions. 

Sometimes it is possible to evaluate the range of validity of 
measurements and correlations of physical properties, phase 
equilibrium behavior, mass and heat transfer efficiencies and similar 
factors, as well as the fluctuations in temperature, pressure, flow, 
etc., associated with practical control systems. Then the effects of 
such data on the uncertainty of sizing equipment can be estimated. 
For example, the mass of a distillation column that is related 
directly to its cost depends on at least these factors: 


. The vapor-liquid equilibrium data. 

. The method of calculating the reflux and number of trays. 

. The tray efficiency. 

. Allowable vapor rate and consequently the tower diameter at a 
given tray spacing and estimated operating surface tension and 
fluid densities. 

5. Corrosion allowances. 
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Also such factors as allowable tensile strengths, weld efficiencies, 
and possible inaccuracies of formulas used to calculate shell and 
head thicknesses may be pertinent. 

When a quantity is a function of several variables, 


y = у(х, X2,7* y 
its differential is 


=? gy +9 De 
зу. ante. ах. +. --. 


Some relations of importance in chemical engineering have the form 
y- Qa (хз) "> 
whose differential is rearrangable to 


dy du, 
y Xi X2 


dx 
—.... 


> 


that is, the relative uncertainty or error in the function is related 
linearly to the fractional uncertainties of the independent variables. 
For example, take the case of a steam-heated thermosyphon 
reboiler on а distillation column for which the heat transfer 
equation is 


q = UAAT. 


The problem is to find how the heat transfer rate can vary when the 
other quantities change. U is an experimental value that is known 
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TABLE 1.4. Safety Factors in Equipment Design: Results of a Questionnaire 


Range of Safety 
Equipment Design Variable Factor (%) 
Compressors, reciprocating piston displacement 11-21 
Conveyors, screw diameter 8-21 
Hammer mills power input 15-21? 
Filters, plate-and-frame area 11-214 
Filters, rotary area 14-207 
Heat exchangers, shell and tube for area 11-18 
liquids 
Pumps, centrifugal impeller diameter 7-14 
Separators, cyclone diameter 7-11 
Towers, packed diameter 11-18 
Towers, tray diameter 10-16 
Water cooling towers volume 12-20 


? Based on pilot plant tests. 


[Michelle, Beattie, and Goodgame, Chem. Eng. Prog. 50, 332 (1954)]. 


only to a certain accuracy. A7 may be uncertain because of possible 
Suctuations in regulated steam and tower pressures. A, the effective 
area, may be uncertain because the submergence is affected by the 
liquid level controller at the bottom of the column. Accordingly, 


dq dU dA | КАТ) 
а U A AT’ 








that is, the fractional uncertainty of q is the sum of the fractional 
uncertainties of the quantities on which it is dependent. In practical 
cases, of course, some uncertainties may be positive and others 
negative, so that they may cancel out in part; but the only safe 
viewpoint is to take the sum of the absolute values. Some further 
discussion of such cases is by Sherwood and Reed, in Applied 
Mathematics іп Chemical Engineering (McGraw-Hill, New York, 
1939). 

It is not often that proper estimates can be made of 
uncertainties of all the parameters that influence the performance or 
required size of particular equipment, but sometimes one particular 
parameter is dominant. АП experimental data scatter to some 
extent, for example, heat transfer coefficients; and various cor- 
relations of particular phenomena disagree, for example, equations 
of state of liquids and gases. The sensitivity of equipment sizing to 
uncertainties in such data has been the subject of some published 
information, of which a review article is by Zudkevich [Encycl. 
Chem. Proc. Des. 14, 431-483 (1982)]; some of his cases are: 


i 
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Sizing of isopentane/pentane and propylene/propane splitters. 
Effect of volumetric properties on sizing of an ethylene 
compressor. 

3. Effect of liquid density on metering of LNG. 

4. Effect of vaporization equilibrium ratios, K, and enthalpies on 
cryogenic separations. 

Effects of VLE and enthalpy data on design of plants for 
coal-derived liquids. 


* 


y 


Examination of such studies may lead to the conclusion that some 
of the safety factors of Table 1.4 may be optimistic. But long 
experience in certain areas does suggest to what extent various 
uncertainties do cancel out, and overall uncertainties often do fall in 
the range of 10-20% as stated there. Still, in major cases the 
uncertainty analysis should be made whenever possible. 


1.9. SAFETY OF PLANT AND ENVIRONMENT 


The safe practices described in the previous section are primarily for 
assurance that the equipment have adequate performance over 


anticipated ranges of operating conditions. In addition, the design 
of equipment and plant must minimize potential harm to personnel 
and the public in case of accidents, of which the main causes are 


a. human failure, 

b. failure of equipment or control instruments, 

с. failure of supply of utilities or key process streams, 
d. environmental events (wind, water, and so on). 


А more nearly complete list of potential hazards is in Table 1.5, and 
a checklist referring particularly to chemical reactions is in Table 
1.6. 

Examples of common safe practices are pressure relief valves, 
vent systems, flare stacks, snuffing steam and fire water, escape 
hatches in explosive areas, dikes around tanks storing hazardous 
materials, turbine drives as spares for electrical motors in case of 
power failure, and others. Safety considerations are paramount in 
the layout of the plant, particularly isolation of especially hazardous 
operations and accessibility for corrective action when necessary. 

Continual monitoring of equipment and plant is standard 
practice in chemical process plants. Equipment deteriorates and 
operating conditions may change. Repairs sometimes are made with 
*improvements" whose ultimate effects on the operation may not 
be taken into account. During start-up and shut-down, stream 
compositions and operating conditions are much different from 
those under normal operation, and their possible effect on safety 
must be taken into account. Sample checklists of safety questions 
for these periods are in Table 1.7. 

Because of the importance of safety and its complexity, safety 
engineering is a speciality in itself. In chemical processing plants of 
any significant size, loss prevention reviews are held periodically by 
groups that always include a representative of the safety depart- 
ment. Other personnel, as needed by the particular situation, are 
from manufacturing, maintenance, technical service, and possibly 
research, engineering, and medical groups. The review considers 
any changes made since the last review in equipment, repairs, 
feedstocks and products, and operating conditions. 

Detailed safety checklists appear in books by Fawcett and 
Wood (Chap. 32, Bibliography 1.1, Part E) and Wells (pp. 
239—257, Bibliography 1.1, Part E). These books and the large one 
by Lees (Bibliography 1.1, Part E) also provide entry into the vast 
literature of chemical process plant safety. Lees has particularly 
complete bibliographies. A standard reference on the properties of 
dangerous materials is the book by Sax (1984) (References, Section 
1.1, Part E). The handbook by Lund (1971) (References, Section 
1.1, Part E) on industrial pollution control also may be consulted. 
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TABLE 1.5. Some Potential Hazards 


Energy Source 
Process chemicals, fuels, nuclear reactors, generators, batteries 
Source of ignition, radio frequency energy sources, activators, 
radiation sources 
Rotating machinery, prime movers, pulverisers, grinders, conveyors, 
belts, cranes 
Pressure containers, moving objects, falling objects 


Release of Material 
Spillage, leakage, vented material 
Exposure effects, toxicity, burns, bruises, biological effects 
Flammability, reactivity, explosiveness, corrosivity and fire-promoting 
properties of chemicals 
Wetted surfaces, reduced visibility, falls, noise, damage 
Dust formation, mist formation, spray 


Fire hazard 
Fire, fire spread, fireballs, radiation 
Explosion, secondary explosion, domino effects 
Noise, smoke, toxic fumes, exposure effects 
Collapse, falling objects, fragmentation 


Process state 
High/low/changing temperature and pressure 
Stress concentrations, stress reversals, vibration, noise 
Structural damage or failure, falling objects, collapse 
Electrical shock and thermal effects, inadvertent activation, power 
source failure 
Radiation, internal fire, overheated vessel 
Failure of equipment/utility supply/flame/instrument/component 
Start-up and shutdown condition 
Maintenance, construction and inspection condition 


Environmental effects 

Effect of plant on surroundings, drainage, pollution, transport, wind 
and light change, source of ignition/vibration/noise/radio 
interference/fire spread/explosion 

Effect of surroundings on plant (as above) 

Climate, sun, wind, rain, snow, ice, grit, contaminants, humidity, 
ambient conditions 

Acts of God, earthquake, arson, flood, typhoon, force majeure 

Site layout factors, groups of people, transport features, space 
limitations, geology, geography 


Processes 

Processes subject to explosive reaction or detonation 

Processes which react energetically with water or common 
contamínants 

Processes subject to spontaneous polymerisation or heating 

Processes which are exothermic 

Processes containing flammables and operated at high pressure or 
high temperature or both 

Processes containing flammables and operated under refrigeration 

Processes in which intrinsically unstable compounds are present 

Processes operating in or near the explosive range of materials 

Processes involving highly toxic materials 

Processes subject to a dust or mist explosion hazard 

Processes with a large inventory of stored pressure energy 


Operations 
The vaporisation and diffusion of flammable or toxic liquids or gases 
The dusting and dispersion of combustible or toxic solids 
The spraying, misting or fogging of flammable combustible materials 
or strong oxidising agents and their mixing 
The separation of hazardous chemicals from inerts or diluents 
The temperature and pressure increase of unstable liquids 


(Wells, Safety in Process Plant Design, George Godwin, London, 
1980). 


TABLE 1.6. Safety Checklist of Questions About Chemical 


10. 


11. 


12. 


13. 


14. 
15. 


16. 


Reactions 


. Define potentially hazardous reactions, How are they isolated? 


Prevented? (See Chaps. 4, 5, and 16) 


. Define process variables which could, or do, approach limiting 


conditions for hazard. What safeguards are provided against such 
variables? 


. What unwanted hazardous reactions can be developed through 


unlikely flow or process conditions or through contamination? 
What combustible mixtures can occur within equipment? 


. What precautions are taken for processes operating near or within 


the flammable limits? (Reference: S&PP Design Guide No. 8.) (See 
Chap. 19) 


. What are process margins of safety for all reactants and 


intermediates in the process? 


. List known reaction rate data on the normal and possible abnormal 


reactions 


. How much heat must be removed for normal, or abnormally 


possible, exothermic reactions? (see Chaps. 7, 17, and 18) 


. How thoroughly is the chemistry of the process including desired 


and undesired reactions known? (See NFPA 491 M, Manual of 
Hazardous Chemical Reactions) 

What provision is made for rapid disposal of reactants if required by 
emergency? 

What provisions are made for handling impending runaways and 
for short-stopping ап existing runaway? 

Discuss the hazardous reactions which could develop as a result of 
mechanical equipment (pump, agitator, etc.) failure 

Describe the hazardous process conditions that can result from 
gradual or sudden blockage in equipment including lines 

Review provisions for blockage removal or prevention 

What raw materials or process materials or process conditions can 
be adversely affected by extreme weather conditions? Protect 
against such conditions 

Describe the process changes including plant operation that have 
been made since the previous process safety review 


(Fawcett and Wood, Safety and Accident Prevention in Chemical 


Operations, Wiley, New York, 1982, рр. 725-726. Chapter references 
refer to this book.) 


TABLE 1.7. Safety Checklist of Questions About Start-up and 


Shut-down 


Start-up Mode ($4.1) 


D1 


Can the start-up of plant be expedited safely? Check the following: 

(a) Abnormal concentrations, phases, temperatures, pressures, 
levels, flows, densities 

(b) Abnormal quantities of raw materials, intermediates and 
utilities (supply, handling and availability) 

(c) Abnormal quantities and types of effluents and emissions 
(81.6.10) 

(d) Different states of catalyst, regeneration, activation 

(e) Instruments out of range, not in service or de-activated, 
incorrect readings, spurious trips 

(f) Manual control, wrong routeing, sequencing errors, poor 
identification of valves and lines in occasional use, lock-outs, 
human error, improper start-up of equipment (particularly 
prime movers) 

(g) Isolation, purging 

(h) Removal of air, undesired process material, chemicals used for 
cleaning, inerts, water, oils, construction debris and ingress of 
same 

(i) Recycle or disposal of off-specification process materials 

ü} Means for ensuring construction/maintenance completed 

(k) Any plant item failure on initial demand and during operation in 
this mode 

(i) Lighting of flames, introduction of material, limitation of 
heating rate 


TABLE 1.7—1(continued) 


(m) Different modes of the start-up of plant: 
Initial start-up of plant 
Start-up of plant section when rest of plant down 
Start-up of plant section when other plant on-stream 
Start-up of plant after maintenance 
Preparation of plant for its start-up on demand 


Shut-down Mode (§§4.1, 4.2) 

D2 Are the limits of operating parameters, outside which remedial 
action must be taken, known and measured? (C1 above) 

03 To what extent should plant be shut down for any deviation beyond 
the operating limits? Does this require the installation of alarm 
and/or trip? Should the plant be partitioned differently? How is 
plant restarted? ($9.6) 

D4 |n an emergency, can the plant pressure and/or the inventory of 
process materials be reduced effectively, correctly, safely? What is 
the fire resistance of plant (889.5, 9.6) 

D5 Can the plant be shut down safely? Check the following: 

(a) See the relevant features mentioned under start-up mode 

(b) Fail-danger faults of protective equipment 

(c) Ingress of air, other process materials, nitrogen, steam, water, lube 
oil ($4.3.5) 

(d) Disposal or inactivation of residues, regeneration of catalyst, 
decoking, concentration of reactants, drainage, venting 

(e) Chemical, catalyst, or packing replacement, blockage removal, 
delivery of materials prior to start-up of plant 

(f) Different modes of shutdown of plant: 

Normal shutdown of plant 
Partial shutdown of plant 
Placing of plant on hot standby 
Emergency shutdown of plant 


(Wells, Safety in Process Plant Design, George Godwin, London, 
1980, pp. 243—244. Paragraph references refer to this book.) 





EXAMPLE 1.2 

Data of a Steam Generator for Making 250,0001b/hr at 

450 psia and 650^F from Water Entering at 220°Е 
Fuel oil of 18,500 Btu/Ib is fired with 13% excess air at 80°F. Flue 
gas leaves at 410°F. A simplified cross section of the boiler is shown. 
Heat and material balances are summarized. Tube selections and 
arrangements for the five heat transfer zones also are summarized. 
The term A, is the total internal cross section of the tubes in 
parallel. (Steam: Its Generation and Use, 14.2, Babcock and 
Wilcox, Barberton, OH, 1972). (a) Cross section of the generator: 
(b) Heat balance: 


Fuel input 335.5 MBtu/hr 
To furnace tubes 162.0 

To boiler tubes 68.5 

To screen tubes 8.1 

To superheater 31.3 

To economizer 15.5 

Total to water and steam 285.4 Mbtu/hr 

In air heater 18.0 MBtu/hr 


(c) Tube quantity, size, and grouping: 


Screen 
2 rows of 25-іп. OD tubes, approx 18 ft long 
Rows in line and spaced on 6-in. centers 
23 tubes per row spaced on 6-in. centers 
5 = 542 зай 
Ag = 129 sqft 
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1.10. STEAM AND POWER SUPPLY 


For smaller plants or for supplementary purposes, steam and power 
can be supplied by package plants which are shippable and ready 
to hook up to the process. Units with capacities in a range of 
sizes up to about 350,0001b/hr of steam аге оп the market, 
and are obtainable on a rental/purchase basis for emergency 
needs. 

Modern steam plants are quite elaborate structures that can 
recover 80% or more of the heat of combustion of the fuel. The 
simplified sketch of Example 1.2 identifies several zones of heat 
transfer in the equipment. Residual heat in the flue gas is recovered 
as preheat of the water in an economizer and in an air preheater. 
Тһе combustion chamber is lined with tubes along the floor and 
walls to keep the refractory cool and usually to recover more than 
half the heat of combustion. The tabulations of this example are of 
the distribution of heat transfer surfaces and the amount of heat 
transfer in each zone. 

Moré realistic sketches of the cross section of a steam generator 
are in Figure 1.4. Part (a) of this figure illustrates the process of 
natural circulation of water between an upper steam drum and a 
lower drum provided for the accumulation and eventual blowdown 
of sediment. In some installations, pumped circulation of the water 
is advantageous. 

Both process steam and supplemental power are recoverable 
from high pressure steam which is readily generated. Example 1.3 is 
of such a case. The high pressure steam is charged to a 
turbine-generator set, process steam is extracted at the desired 
process pressure at an intermediate point in the turbine, and the 
rest of the steam expands further and is condensed. 

In plants such as oil refineries that һауе many streams at high 
temperatures or high pressures, their energy can be utilized to 
generate steam or to recover power. The two cases of Example 1.4 





Boiler 
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B 
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EXAMPLE 1.2—(continued) 
Superheater 
12 rows of 21-т. OD tubes (0.165-in. thick), 
17.44 ft long 
Rows іп line and spaced on 31-іп. centers 
23 tubes per row spaced on 6-in. centers 
5 = 3150 sqft 
A, = 133 sqft 
Boiler 
25 rows of 2}-in. OD tubes, approx 18 ft long 
Rows in line and spaced on 31-іп. centers 
35 tubes per row spaced on 4-in. centers 
S = 10,300 sqft 
A, = 85.0 sqft 
Economizer 
10 rows of 2-in. OD tubes (0.148-in. thick), 
approx 10 ft long 


Rows in line and spaced on 3-in. centers 
47 tubes per row spaced on 3-in. centers 
S = 2460 зай 

A, = 42 sqft 


Air heater 


53 rows of 2-in. OD tubes (0.083-in. thick), 
approx 13 ft long 

Rows in line and spaced оп 25-in. centers 

41 tubes per row spaced оп 33-іп. centers 

S = 14,800 sqft 

A, (total internal cross section area of 2173 tubes) 
- 39.3 sqft 

A, (clear area between tubes for crossflow of air) 
= 70 sqft 

Air temperature entering air heater = 80°Е 





Steam out 
(a) 


Downcomer 
not Heated 























(c) Gas Steam Coil 
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Figure 1.4. Steam boiler and furnace arrangements. [Steam, 
Babcock and Wilcox, Barberton, OH, 1972, pp. 3.14, 12.2 (Fig. 2), 
and 25.7 (Fig. 5)]. (a) Natural circulation of water in a two-drum 
boiler. Upper drum is for steam disengagement; the lower one for 
accumulation and eventual blowdown of sediment. (b) A two-drum 
boiler. Preheat tubes along the floor and walls are connected to 
heaters that feed into the upper drum. (c) Cross section of a 
Stirling-type steam boiler with provisions for superheating, air 
preheating, and flue gas economizing; for maximum production of 
550,000 Ib/hr of steam at 1575 psia and 900°F. 





EXAMPLE 1.3 

Steam Plant Cycle for Generation of Power and Low Pressure 

Process Steam 
The flow diagram is for the production of 5000kW gross and 
20,000 Ib/hr of saturated process steam at 20 psia. The feed and hot 
well pumps make the net power production 4700 kW. Conditions at 
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EXAMPLE 1.4 

Pickup of Waste Heat by Generating and Superheating Steam 

in a Petroleum Refinery 
The two examples are generation of steam with heat from a 
sidestream of a fractionator in a 9000 ВЫ/Чау fluid cracking plant, 
and superheating steam with heat from flue gases of a furnace 









STEAM FRACTIONATOR 
160 psig SIDESTREAM 
(a) 98% quality 17,300 pph 
580 F 
RETURN 


BLOWDOWN 425 F 
WATER 860 pph 
17,300 pph 
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key points are indicated on the enthalpy-entropy diagram. The 
process steam is extracted from the turbine at an intermediate 
point, while the rest of the stream expands to lin. Hg and is 
condensed (example is corrected from Chemical Engineers 
Handbook, 5th ed., 9.48, McGraw-Hill, New York, 1973). 
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whose main function is to supply heat to crude topping and vacuum 
service in a 20,000 Bbl/day plant. (a) Recovery of heat from a 
sidestream of a fractionator in a 9000 Bbl/day fluid catalytic cracker 
by generating steam, Q — 15,950,000 Btu/hr. (b) Heat recovery by 
superheating steam with flue gases of a 20,000 ВЫ/дау crude 
topping and vacuum furnace. 









STEAM 
50 psig sat'd 
6910 pph 


(b) Q- 1.2 MBtu/hr 
640 F 







Q =53.2 MBtu/hr 







ATMOSPHERIC COIL 
Q-9.2 MBtu/hr 





VACUUM COIL 





are of steam generation in a kettle reboiler with heat from a 
fractionator sidestream and of steam superheating in the convection 
tubes of a furnace that provides heat to fractionators. 

Recovery of power from the thermal energy of a high 
temperature stream is the subject of Example 1.5. A closed circuit 
of propane is the indirect means whereby the power is recovered 


with an expansion turbine. Recovery of power from a high pressure 
gas is a fairly common operation. A classic example of power 
recovery from a high pressure liquid is in a plant for the absorption 
of CO, by water at a pressure of about 4000 psig. After the 
absorption, the CO, is released and power is recovered by releasing 
the rich liquor through a turbine. 
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EXAMPLE 1.5 

Recovery of Power from a Hot Gas Stream 
A closed circuit of propane is employed for indirect recovery of 
power from the thermal energy of the hot pyrolyzate of an ethylene 
plant. The propane is evaporated at 500 psig, and then expanded to 
100°F and 190 psig in a turbine where the power is recovered. Then 
the propane is condensed and pumped back to the evaporator to 
complete the cycle. Since expansion turbines are expensive 
machines even in small sizes, the process is not economical on the 
scale of this example, but may be on a much larger scale. 

















PROPANE 

34700 pph 
1400F 195F 100F 
5800 pph 


CONDENSER 
80F 


TURBINE 
75% eff 
204.6 HP 
EVAPORATOR 
5.2 MBtu/hr 
PUMP 
50% ей 
53.2 НР 





1.11. DESIGN BASIS 


Before a chemical process design can be properly embarked on, a 
certain body of information must be agreed upon by all concerned 
persons, in addition to the obvious what is to be made and what it is 
to be made from. Distinctions may be drawn between plant 
expansions and wholly independent ones, so-called grassroots types. 
The needed data can be classified into specific design data and basic 
design data, for which separate check lists will be described. Specific 
design data include: 


1. Required products: their compositions, amounts, purities, 
toxicities, temperatures, pressures, and monetary values. 
Available raw materials: their compositions, amounts, toxi- 
cities, temperatures, pressures, monetary values, and all 
pertinent physical properties unless they are standard and can 
be established from correlations. This information about 
properties applies also to products of item 1. 

Daily and seasonal variations of any data of items 1 and 2 and 
subsequent items of these lists. 

All available laboratory and pilot plant data on reaction and 
phase equilibrium behaviors, catalyst degradation, and life and 
corrosion of equipment. 

Any available existing plant data of similar processes. 

6. Local restrictions on means of disposal of wastes. 


2 


* 


” 


> 


pr 


Basic engineering data include: 


D 


Characteristics and values of gaseous and liquid fuels that are to 

be used. 

8. Characteristics of raw makeup and cooling tower waters, 
temperatures, maximum allowable temperature, flow rates 
available, and unit costs. 

9. Steam and condensate: mean pressures and temperatures and 

their fluctuations at each level, amount available, extent of 

recovery of condensate, and unit costs. 

Electrical power: Voltages allowed for instruments, lighting and 

various driver sizes, transformer capacities, need for emergency 

generator, unit costs. 

Compressed air: capacities and pressures of plant and in- 

strument air, instrument air dryer. 

Plant site elevation. 

Soil bearing value, frost depth, ground water depth, piling 

requirements, available soil test data. 
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11 


12 
13 


14. Climatic data. Winter and summer temperature extrema, 
cooling tower drybulb temperature, air cooler design 
temperature, strength and direction of prevailing winds, rain 
and snowfall maxima in 1 hr and in 12 hr, earthquake provision. 

15. Blowdown and flare: What may or may not be vented to the 
atmosphere or to ponds or to natural waters, nature of required 
liquid, and vapor relief systems. 

16. Drainage and sewers: rainwater, oil, sanitary. 

17. Buildings: process, pump, control instruments, 

equipment. 

Paving types required in different areas. 

Pipe racks: elevations, grouping, coding. 

Battery limit pressures and temperatures of individual feed 

stocks and products. 

Codes: those governing pressure vesscls, other equipment, 

buildings, electrical, safety, sanitation, and others. 

Miscellaneous: includes heater stacks, winterizing, insulation, 

steam or electrical tracing of lines, heat exchanger tubing size 

standardization, instrument locations. 


special 


18 
19 
20 


21 


22 


А convenient tabular questionnaire is in Table 1.8. For 
anything not specified, for instance, sparing of equipment, 
engineering standards of the designer or constructor will be used. A 
proper design basis at the very beginning of a project is essential to 
getting a project completed and on stream expeditiously. 


UTILITIES 


These provide motive power and heating and cooling of process 
streams, and include electricity, steam, fuels, and various fluids 
whose changes in sensible and latent heats provide the necessary 
energy transfers. In every plant, the conditions of the utilities are 
maintained at only a few specific levels, for instance, steam at 
certain pressures, cooling water over certain temperature ranges, 
and electricity at certain voltages. At some stages of some design 
work, the specifications of the utilities may not have been 
established. Then, suitable data may be selected from the 
commonly used values itemized in Table 1.9. 


1.12. LABORATORY AND PILOT PLANT WORK 


The need for knowledge of basic physical properties as a factor in 
equipment selection or design requires no stressing. Beyond this, 
the state-of-the-art of design of many kinds of equipment and 


TABLE 1.8. Typical Design Basis Questionnaire 











1101 Plant Location 


1.502. Plani Capacity, Ib or ions/yr s. ner os ise 





1.103 Operating Factor or Yearly Operating Hours 
(For most modern chemical plants, this figure is generally 8,000 hours per year). 


1.104 Provisions for Expansion 


1.105 Raw Material Feed (Typical of the analyses required for a liquid) 
Assay, wt per cent min 
Impurities, wt per cent max 
Characteristic specifications 
Specific gravity 
Distillation range °F 





Initial boiling point °F 
Dry end point °F 
Viscosity, centipoises 
Color APHA 
Heat stability color 








Reaction ratc with established reagent 
Acid number 





Freezing point or set point °F 
Corrosion test 





End-use test 





For a solid material chemical assay, level of impurities and its physical characteristics, 
such as specific density, bulk density, particle size distribution and the like are included. 
This physical shape information is required to assure that adequate processing and material 
handling operations will be provided. 

1.1051 Source 


Supply conditions at process Max Min Normal 


plant battery limits 











Storage capacity (volume or day's inventory) 
Required delivery conditions at battery limits 


Pressure 





Temperature 
Method of transfer 
1.106 Product Specifications 


Here again specifications would be similar to that of the raw material in equivalent or some- 
times greater detail as often trace impurities affect the marketability of the final product. 











Storage requirements (volume or days of inventory) 


Type of product storage 
For solid products, type of container or method of ship- 
ment and loading facilities should be outlined. 





1.107 Miscellancous Chemicals and Catalyst Supply 


In this section the operating group should outline how various miscellaneous chemicals and 
catalysts are to be stored and handled for consumption within the plant. 


1.108 Atmospheric Conditions 
Barometric pressure range _._ 
Temperature 
Design dry bulb temperature (°F) 
% of summer season, this temperature is exceeded. 1... 
Design wet bulb temperature m- 
% of summer season, this temperature is exceeded. ПВА 22, 
Minimum design dry bulb temperature winter condition (°F) 


Level of applicable pollutants that could affect the process. 
Examples of these аге sulfur compounds, dust and solids, 
chlorides and salt water mist when the plant is at a coastal 
location. 


2.100 Utilities 

2.101 Electricity 
Characteristics of primary supply 
Voltage, phases, cycles 
Preferred voltage for motors 
Over 200 hp 
Under 200 hp 
Value, €/kWh 


(If available and if desired, detailed electricity pricing schedule can be included for base 


load and incremental additional consumption.) 
2.102 Supply Water 
Cleanliness 


Corrosiveness 





Solids content analysis 





Other details 





Pressure (at grade) 
Supply 
Return 
2.103 Cooling Water 
Well, river, sea, cooling tower, other. _ 
Quality 
Value Sa, 


Maximum Minimum 
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TABLE 1.8—(continued) 





Use for heat exchanger design 
Fouling properties 
Design fouling factor 
Preferred tube materia! 

2.104 Steam Мах 

High pressure, psig 
Temperature, "F 
Moisture, % 

Value per thousand Ib 

Medium pressure, psig 
Temperature, °F 
Moisture, % 

Value per thousand Ib 


Normal Min 


Low pressure, psig 
Temperature, °F 
Moisture, % 
Value per thousand lb 
2.105 Steam Condensate 
Disposition 
Required pressure at battery limits 
Value per thousand Ib or gal 
2.106 Boiler Fecd Water 
Quality 
Hardness, ppm 
Silica content 
Hardness 
Total solids, ppm 
Other details 
Chemical additives 
Max Min 
Supply pressure 
Temperature, °F 
Value per thousand gal 
2.107 Process Water 





(If the quality of the process water is different from the make-up water or boiler feed water, 


separate information should be provided.) 








Quality Max Min 
Supply pressure, psig 
Temperature, °F 
Valus per thousand gal —— ———— 





(Landau, The Chemical Plant, Reinhold, New York, 1966). 
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2.108 


2.109 


2.110 


3.101 


Inest Gas Max Min 
Pressure, psig 
Dew point, °F 
Composition 
Per cent СО; 
Per cent oxygen 
Per ceat CO 
Other trace impurities 
Quantity available 
Value per thousand cu ft 
Plant Air 
Supply Source 
Offsite battery limits (OSBL) 
Portable compressor 
Process air system 
Special compressor 
Supply pressure, psig 
Instrument Air 
Supply source (OSBL) 
Special compressor 
Supply pressure, psig 
Dew point, "Е 
Ой, dirt end moisture removal requirements 


In general а value of plant and instrument air is usually not given as the yearly over-all 
cost is insignificant in relation to the other utilities required. 


Waste Disposal Requirements 

In general, there arc thres types of waste to be considered: liquid, solid and gaseous. The 
destination and disposal of each of these efiuents is usually different. Typical items are as 
follows: 


Destination of liquid effluents 
Cooling water blowdown 
Chemical sewer 
Storm sewer 
Method of chemical treating for liquid effivents 
Preferred materials of construction for 
Cooling water blowdown 
Chemical sewer 
Storm sewer 
Facilities for chemical 
treating for liquid effluents 


Facilities for treatment of gsssous 
effluents 


Solids disposal 
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TABLE 1.9. Typical Utility Characteristics 


Steam 
Pressure (psig) Saturation (^F) Superheat (°F) 
15-30 250-275 
150 366 
400 448 
600 488 100-150 
Heat Transfer Fluids 
БЕЗ Fluid 
Beiow 600 petroleum oils 
Below 750 Dowtherm and others 
Below 1100 fused salts 
Above 450 direct firing and electrical heating 
Refrigerants 
°F Fluid 
40-80 chilled water 
0-50 chilled brine and glycol solutions 
—50-40 ammonia, freons, butane 
-150--50 ethane ог propane 
—350- —150 methane, air, nitrogen 
--400--300 hydrogen 
Below —400 helium 





Cooling Water 


Supply at 80-90?F 

Return at 115°F, with 125°F maximum 

Return at 110°F (salt water) 

Return above 125°F (tempered water or steam condensate) 


Cooling Air 
Supply at 85~95°F 


Temperature approach to process, 40°F 
Power input, 20 HP/1000 sqft of bare surface 


Fuel 


Gas: 5-10 psig, up to 25 psig for some types of burners, pipeline gas at 
1000 Btu/SCF 
Liquid: at 6 million Btu/barrel 


Compressed Air 


Pressure levels of 45, 150, 300, 450 psig 


instrument Air 


45 psig, ОҒ dewpoint 
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Driver HP Voltage 
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This point is stressed by specialists and manufacturers of equipment 
who are asked to provide performance guaranties. For instance, 
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Appendix C may require the potential purchaser to have performed 
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Flowsheets 


plant design is made up of words, numbers, and 

pictures. An engineer thinks naturally in terms of the 

sketches and drawings which are his "pictures." 

Thus, to solve a material balance problem, he will 
start with a block to represent the equipment and then will 
show entering and leaving streams with their amounts апа 
properties. Or ask him to describe a process and he will begin 
to sketch the equipment, show how it is interconnected, and 
what the flows and operating conditions are. 

Such sketches develop inta flow sheets, which are more 


elaborate diagrammatic representations of the equipment, the 
sequence of operations, and the expected performance of a 
proposed plant or the actual performance of an already 
operating one. For clarity and to meet the needs of the 
various persons engaged in design, cost estimating, 
purchasing, fabrication, operation, maintenance, and 
management, several different kinds of flowsheets are 
necessary. Four of the main kinds will be described and 
illustrated. 





2.1. BLOCK FLOWSHEETS 


At an early stage or to provide an overview of a complex process or 
plant, а drawing is made with rectangular blocks to represent 
individual processes or groups of operations, together with 
quantities and other pertinent properties of key streams between 
the blocks and into and from the process as a whole. Such block 
fiowsheets are made at the beginning of a process design for 
orientation purposes or later as a summary of the material balance 
of the process. For example, the coal carbonization process of 
Figure 2.1 starts with 100,000 lb/hr of coal and some process air, 
involves six main process units, and makes the indicated quantities 
of ten different products. When it is of particular interest, amounts 
of utilities also may be shown; in this example the use of steam is 
indicated at one point. The block diagram of Figure 2.2 was 
prepared in connection with a study of the modification of an 
existing petroleum refinery. The іһгес feed stocks are separated 
into more than 20 products. Another representative petroleum 
refinery block diagram, in Figure 13.20, identifies the various 
streams but not their amounts or conditions. 


2.2. PROCESS FLOWSHEETS 


Process flowsheets embody the material and energy balances 
between and the sizing of the major equipment of the plant. They 
include alf vessels such as reactors, separators, and drums; special 
processing equipment, heat exchangers, pumps, and so on. 
Numerical data include flow quantities, compositions, pressures, 
temperatures, and so on. Inclusion of major instrumentation that is 
essential to process control and to complete understanding of the 
flowsheet without reference to other information is required 
particularly during the carly stages of a job, since the process 
flowsheet is drawn first and is for some time the only diagram 
representing the process. Ás the design develops and a mechanical 
flowsheet gets underway, instrumentation may be taken off the 
process diagram to reduce tbe clutter. А checklist of the 
information that usually is included on a process flowsheet is given 
in Table 2.1. 

Working flowsheets are necessarily elaborate and difficult to 
represent оп the page of a book. Figure 2.3 originally was 30 in. 
wide. In this process, ammonia is made from available hydrogen 
supplemented by hydrogen from the air oxidation of natural gas in a 
two-stage reactor F-3 and V-5. A large part of the plant is devoted 
to purification of the feed gases of carbon dioxide and unconverted 
methane before they enter the converter CV-1. Both commercial 
and refrigeration grade ammonia are made in this plant. Com- 
positions of 13 key streams are summarized in tbe tabuiation. 
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Characteristics of the streams such as temperature, pressure, 
enthalpy, volumetric flow rates, etc., sometimes are conveniently 
included in the tabulation. In the interest of clarity, however, in 
some instances it may be preferable to have a separate sheet for a 
voluminous material balance and related stream information. 

A process flowsheet of the dealkylation of toluene to benzene 
is in Figure 2.4; the material and enthalpy flows and temperature 
and pressures are tabulated conveniently, and basic instrumentation 
is represented. 


2.3. MECHANICAL (Р&!) FLOWSHEETS 


Mechanical flowsheets also are called piping and instrument (P&I) 
diagrams to emphasize two of their major characteristics. They do 
not show operating conditions or compositions or flow quantities, 
but they do show all major as well as minor equipment more 
realistically than on the process flowsheet. Included are sizes and 
specification classes of all pipe lines, all valves, and all instruments. 
In fact, every mechanical aspect of the plant regarding the process 
equipment and their interconnections is represented except for 
supporting structures and foundations. The equipment is shown in 
greater detail than on the PFS, notably with regard to external 
piping connections, internal details, and resemblance to the actual 
appearance. 

The mechanical flowsheet of the reaction section of a toluene 
dealkylation unit in Figure 2.5 shows all instrumentation, including 
indicators and transmitters. The clutter on the diagram is minimized 
by tabulating the design and operating conditions of the major 
equipment below the diagram. 

The P&I diagram of Figure 2.6 represents a gas treating plant 
that consists of an amine absorber and a regenerator and their 
immediate auxiliaries. Internals of the towers are shown with exact 
locations of inlet and outlet connections. The amount of 
instrumentation for such a comparatively simple process may be 
surprising. On a completely finished diagram, every line will carry a 
code designation identifying the size, the kind of fluid handled, the 
pressure rating, and material specification. Complete information 
about each line—its length, size, elevation, pressure drop, fittings, 
etc.—is recorded in a separate line summary. On Figure 2.5, which 
is of an early stage of construction, only the sizes of the lines are 
shown. Although instrumentation symbols are fairly well standard- 
ized, they are often tabulated on the P&I diagram as in this 
example. 


2.4. UTILITY FLOWSHEETS 


These are P&I diagrams for individual utilities such as steam, 
steam condensate, cooling water, heat transfer media in general, 
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Sulfur 
Hecovery 
Phenols 
Recovery 


Net Fuel Gas 


7183 












Sulfur 


Phenols 


Net Waste Liquids 2380 


Carbonizer Primary 
Fractionator 
Coal 
100,000 22,500 Light Aromatics 770 
Air Recovery 
Middle Oils (diesel, etc.) 12575 
Tar Acids 3320 
Pitch Heavy Oils (creosote, etc.) 2380 
Distillation 
Pitch 3000 
Char 77500 


Figure 2.1. Coal carbonization block flowsheet. Quantities are in Ib/hr. 


compressed air, fuel, refrigerants, and inert blanketing gases, and 
how they are piped up to the process equipment. Connections for 
utility streams are shown on the mechanical flowsheet, and their 
conditions and flow quantities usually appear on the process 
flowsheet. 

Since every detail of a plant design must be recorded on paper, 
many other kinds of drawings also are required: for example, 
electrical flow, piping isomctrics, instrument lines, plans and 
elevations, and individual equipment drawings in all detail. Models 
and three-dimensional representations by computers also are now 
standard practice in many design offices. 


2.5. DRAWING OF FLOWSHEETS 


Flowsheets are intended to represent and explain processes. To 
make them easy to understand, they are constructed with a 
consistent set of symbols for equipment, piping, and operating 
conditions. At present there is no generally accepted industrywide 
body of drafting standards, although every large engineering office 
does have its internal standards. Some information appears in ANSI 
and British Standards publications, particularly of piping symbols. 
Much of this information is provided in the book by Austin (1979) 
along with symbols gleaned from the literature and some 
engineering firms. Useful compilations appear in some books on 
process design, for instance, those of Sinnott (1983) and Ulrich 
(1984). The many flowsheets that appear in periodicals such as 
Chemical Engineering от Hydrocarbon Processing employ fairly 
consistent sets of symbols that may be worth imitating. 

Equipment symbols are a compromise between a schematic 
representation of the equipment and simplicity and ease of drawing. 
А selection for the more common kínds of equipment appears in 
Table 2.2. Less common equipment or any with especially intricate 
configuration often is represented simply by a circle or rectangle. 


Since a symbol does not usually speak entirely for itself but also 
carries a name and a letter-number identification, the flowsheet can 
be made clear even with the roughest of equipment symbols. The 


TABLE 2.1. Checklíst of Data Normally Included on a 
Process Flowsheet 


1. Process lines, but including only those bypasses essential to an 
understanding of the process 
2. All process equipment. Spares are indicated by letter symbols or 
notes 
3. Major instrumentation essential to process control and to 
understanding of the flowsheet 
4. Valves essential to an understanding of the flowsheet 
5. Design basis, including stream factor 
6. Temperatures, pressures, flow quantities 
7. Weight and/or то! balance, showing compositions, amounts, and 
other properties of the principal streams 
8. Utilities requirements summary 
9. Data included for particular equipment 
а. Compressors: SCFM (60°F, 14.7 psia); AP psi; HHP; number of 
Stages; details of stages if important 
b. Drives: type; connected HP; utilities such as kW, Ib steam/hr, or 
Btu/hr 
с. Drums and tanks: ID or OD, seam to seam length, important 
internals 
d. Exchangers: Sqft, kBtu/hr, temperatures, and flow quantities in 
and out; shell side and tube side indicated 
e. Furnaces: kBtu/hr, temperatures in and out, fuel 
f. Pumps: GPM (60°F}, AP psi, HHP, type, drive 
g. Towers: Number and type of plates or height and type of packing; 
identification of all plates at which streams enter or leave; ID or 
OD; seam to seam length; skirt height 


h. Other equipment: Sufficient data for identification of duty and size 


TABLE 2.2. Flowsheet Equipment Symbols 


Fluid Handling 





-g 
5, 
-R- 
ұйы 
ке; 
P 


Stm 


Centrifugal pump or blower, 
motor driven 


Centrifugal pump or blower, 
turbine driven 


Rotary pump or blower 


Reciprocating pump or 
compressor 


Centrifugal compressor 


Centritugal compressor, 
alternate symbol 


Steam ejector 


Coi! in tank 


Evaporator 


Cooling tower, 
forced draft 


ТН 


Water 
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Heat Transfer 


ubeside 
Shellside 


HEAT TRANSFER 


Shell-and-tube 
heat exchanger 


Condenser +e ree 
Process 
Reboiler d 
Process 
Vertical thermosiphon Shellside 


reboiler 


Kettle reboiler 


| Process 


= Process 


Fuel 
Heat 
$y am 40/6 
Proces 


Air cooler with 
finned tubes 


Fired heater 


Fired heater with radiant 
and convective coils 


Rotary dryer 


ог kiln 8 

Tray dryer = 
Stm 

Spray condenser with water 


steam ejector 
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TABLE 2.2—(continued) 


Mass Transfer Vessels 
MASS TRANSFER VESSELS 
ес Drum or tank ( ) 
14 
Nn Drum or tank 
Tray Packed Storage tank ш 
column column 


Open tank | т-- 1 


E] [ i Я 
Jacketed vessel with 

Multistage spray agitator 

stirred column column 


Solvent 


^d Process Extract 
Vessel with heat 
transfer coil 
Raffinate . 
Bin for solids 
Mixer-settler extraction battery 
letter-number designation consists of a letter or combination to enthalpy, heat transfer rate, and also stream numbers are identified 
designate the class of the equipment and a number to distinguish it with symbols called flags, of which Table 2.3 is a commonly used 
from others of the same class, as two heat exchangers by E-112 and set. Particular units are identified on each flowsheet, as in Figure 
E-215. Table 2.4 is a typical set of letter designations. 2.3. 


Operating conditions such as flow rate, temperature, pressure, Letter designations and symbols for instrumentation have been 
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TABLE 2.2—(continued) 


Conveyors and Feeders Separators 


CONVEYORS & FEEDERS SEPARATORS 


Plate-and-frame filter Ш 


Rotary vacuum filter 


Conveyor 


&elt conveyor 


Screw conveyor 
Sand filter 


Elevator 


Dust collector 


Feeder 
Cyclone separator 


Star feeder 
Centrifuge 


Screw feeder 


Mesh entrainment 


4-44 


separator 
Weighing feeder 
Tank car 
Liquid-liquid 
separator | 
А Heavy Light 
Freight car 





Drum with water 


£c IK Ee ар 0 
4 


I 
| settling pot 
Conical settling | 
tank Н 
р i 
[ 
! 
1 Screen We. EQUIS 
Raked thickener | 
| Ғіпе 
р 
thoroughly standardized by the Instrument Society of America For clarity and for esthetic reasons, equipment should be 


(ISA). An abbreviated set that may be adequate for the usual represented with some indication of their relative sizes. True scale is 
flowsketch appears on Figure 3.4. The P&I diagram of Figure 2.6 not feasible because, for example, a flowsheet may need to depict 
affords many examples. both a tower 150 ft high and a drum 2 ft in diameter. Logarithmic 
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TABLE 2.2—(continued) 





Mixing and Comminutíon 


Drivers 





MIXING & COMMINUTION 


Lb sla W 


Liquid mixing 
impellers: basic, 
propeller,turbine, 
anchor 


Ribbon blender 
Double cone blender 


Crusher 


Roll crusher 


Pebble or rod mill 


O4 « a [t 


scaling sometimes gives a pleasing effect; for example, if the 150 ft 
tower is drawn 6in. high and the 2 ft drum 0.5 in., other sizes can 
be read off a straight line on log-log paper. 

A good draftsman will arrange his flowsheet as artistically as 
possible, consistent with clarity, logic, and economy of space on the 
drawing. А fundamental rule is that there be no large gaps. Flow is 
predominantly from ей to right. On a process flowsheet, distillation 
towers, furnaces, reactors, and large vertical vessels often are 
arranged at one level, condenser and accumulator drums on another 
level, reboilers on still another level, and pumps more or less on 
one level but sometimes near the equipment they serve in order to 
minimize excessive crossing of lines. Streams enter the flowsheet 
from the left edge and leave at the right edge. Stream numbers are 
assigned to key process lines. Stream compositions and other 
desired properties are gathered into a table that may be on a 


DRIVERS 


Motor 


DC motor 


AC motor, 3-phase 


e— П- 
@— 
(ы 


Turbine 


Turbines: 
steam, 
hydraulic, 
gas 


separate sheet if it is especially elaborate. А listing of flags with the 
units is desirable on the flowsheet. 

Rather less freedom is allowed in the construction of 
mechanical flowsheets. The relative elevations and sizes of equip- 
ment are preserved as much as possible, but all pumps usually arc 
shown at the same level near the bottom of the drawing. Tab- 
ulations of instrumentation symbols or of control valve sizes or of 
relief valve sizes also often appear on P&I diagrams. Engineering 
offices have elaborate checklists of information that should be 
included on the flowsheet, but such information is beyond the scope 
here. 

Appendix 2.1 provides the reader with material for the 
construction of flowsheets with the symbols of this chapter and 
possibly with some reference to Chapter 3. 


TABLE 2.3. Flowsheet Flags of Operating Conditions т 


Typical Units 


Mass flow rate, Ibs/hr 


Molal flow rate, Ibmols/hr 


Temperature, °F 


Pressure, psig (or indicate if psia or 


Torr or bar) 


Volumetric liquid flow rate, gal/min. 


Volumetric liquid flow rate, bbls/day 


Kilo Btu/hr, at heat transfer equipment 


Enthalpy, Btu/Ib 


Others 


| 


217 


510 


8,500 


9,700 


TABLE 2.4. Letter Designations of Equipment 


Equipment 





Agitator 

Air filter 

Bin 

Blender 

Blower 

Centrifuge 

Classifying equipment 

Colloid mill 

Compressor 

Condenser 

Conveyor 

Cooling tower 

Crusher 

Crystallizer 

Cyclone separator (gas) 

Cyclone separator 
(liquid) 

Decanter 

Disperser 

Drum 

Dryer (thermal) 

Dust collector 

Elevator 

Electrostatic separator 

Engine 

Evaporator 

Fan 

Feeder 

Filter (liquid) 

Furnace 








Letters 


M 
FG 
TT 
M 
JB 
FF 
S 
SR 
JC 
E 
C 
TE 
SR 
K 
FG 


Equipment 


Grinder 

Heat exchanger 

Homogenizer 

Kettle 

Kiln (rotary) 

Materials handling 
equipment 

Miscellaneous" 

Mixer 

Motor 

Oven 

Packaging machinery 

Precipitator (dust or mist) 

Prime mover 

Pulverizer 

Pump (liquid) 

Reboiler 

Reactor 

Refrigeration system 

Rotameter 

Screen 

Separator (entrainment) 

Shaker 

Spray disk 

Spray nozzle 

Tank 

Thickener 

Tower 

Vacuum equipment 

Weigh scale 


75 
К 
ш 


WEE 
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VE 
L 


2 №ќе: The letter L is used for unclassified equipment when only a 


few items are of this type; otherwise, individual letter designations are 


assigned. 
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Figure 2.2. Block flowsheet of the revamp of а 30,000 Bbl/day refinery with supplementary light stocks (The С. W. Nofsinger Co.). 
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Figure 2.3. Process flowsheet 
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of a plant making 47 tons/day of ammonia from available hydrogen and hydrogen made from natural раз (The С. W. Nofsinger Co.). 


Figure 2.4. Рго- 
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Figure 2.5. Engineering (P&I) flowsheet of 
the reaction section of plant for dealkyla- 
tion of benzene (Wells, Safety in Process 
Design, George Godwin, London, 1980). 
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Figure 2.6. Engineering flowsheet of a gas treating plant. Note the tabulation of instrumentation flags at upper right (Fluor Engineers, by way of Rase and Barrow, Project Engineering 


of Process Plants, Wiley, New York, 1957). 
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Descriptions of Example Process Flowsheets 


These examples ask for the construction of flowsheets from the 
given process descriptions. Necessary auxiliaries such as drums and 
pumps are to be included even when they are not mentioned. 
Essential control instrumentation also is to be provided. Chapter 3 
has examples. The processes are as follows: 


. visbreaker operation, 

. cracking of gas oil, 

. Olefin production from naptha and gas oil, 
. propylene oxide synthesis, 

. phenol by the chlorobenzene process, 
manufacture of butadiene sulfone, 

. detergent manufacture, 

. natural gas absorption, 

. tall oil distillation, 

10. recovery of isoprene, 

11. vacuum distillation, 

12. air separation. 


шомло шл AWN = 


1. VISBREAKER OPERATION 


Visbreaking is a mild thermal pyrolysis of heavy petroleum fractions 
whose object is to reduce fuel production in a refinery and to make 
some gasoline. 

The oil of 7.2 API and 700°Е is supplied from beyond the 
battery limits to a surge drum F-i. From there it is pumped with 
J-1A&B to parallel furnaces B-1A&B from which it comes out at 
890°F and 200 psig. Each of the split streams enters at the bottom of 
its own evaporator T-1A&B that has five trays. Overheads from the 
evaporators combine and enter at the bottom of a 30-tray 
fractionator T-2. А portion of the bottoms from the fractionator is 
fed to the top trays of Т-1А&В; the remainder goes through 
exchanger E-5 and is pumped with J-ZA&B back to the furnaces 
В-1А&В. The bottoms of the evaporators are pumped with 
J-4A&B through exchangers E-5, E-3A (on crude), and E-3B (on 
cooling water) before proceeding to storage as the fuel product. 

A side stream is withdrawn at the tenth tray from the top of 
Т-2 and proceeds to steam stripper T-3 equipped with five trays. 
Steam is fed below the bottom tray. The combined steam and oil 
vapors return to T-2 at the eighth tray. Stripper bottoms are 
pumped with J-6 through E-2A (on crude) and E-2B (on cooling 
water) and to storage as “heavy gasoline." 

Overhead of the fractionator T-2 is partially condensed in E-1A 
(on crude) and Е-ІВ (on cooling water). А gas product is 
withdrawn overhead of the reflux drum which operates at 15 psig. 
The "light gasoline" is pumped with 1-5 to storage and as reflux. 

Oil feed is 122,480 pph, gas is 3370, light gasoline is 5470, 
heavy gasoline is 9940, and fuel oil is 103,700 pph. 

Include suitable control equipment for the main fractionator 
T2. 


2. CRACKING OF GAS OIL 


A gas oil cracking plant consists of two cracking furnaces, a soaker, 
a main fractionator, and auxiliary strippers, exchangers, pumps, and 
drums. The main fractionator (150 psig) consists of four zones, the 
bottom zone being no. 1. 

A light vacuum gas oil (LVGO) is charged to the top plate of 
zone 3, removed from the bottom tray of this zone and pumped to 
furnace no. 1 that operates at 1000 psig and 100095. A heavy 
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vacuum gas oil (HVGO) is charged to the top plate of zone 2, 
removed at the bottom tray and charged to furnace no. 2 that 
operates at 500 psig and 925°F. 

Effluents from both furnaces are combined and enter the 
soaker; this is a large vertical drum designed to provide additional 
residence time for conversion under adiabatic conditions. Effluent 
at 500 psig and 915°F enters the bottom zone of the main frac- 
tionator. 

Bottoms from zone 1 goes to a stripping column (5 psig). 
Overhead from that tower is condensed, returned partly as reflux 
and partly to zone 3 after being cooled in the first condenser of the 
stripping column. This condensing train consists of the preheater for 
the stream being returned to the main fractionator and an air 
cooler. The cracked residuum from the bottom of the stripper is 
cooled to 170°F in a steam generator and an air cooler in series. 
Live steam is introduced below the bottom tray for stripping. 

All of the oil from the bottom of zone 3 (at 700°F), other than 
the portion that serves as feed to furnace no. 1, is withdrawn 
through a cooler (500°F) and pumped partly to the top tray of zone 
2 and partly as spray quench to zone 1. Some of the bottoms of 
zone 1 likewise is pumped through a filter and an exchanger and to 
the same spray nozzle. 

Part of the liquid from the bottom tray of zone 4 (at 590°F) is 
pumped to a hydrogenation unit beyond the battery limits. Some 
light material is returned at 400°Е from the hydrogenation unit to 
the middle of zone 4, together with some steam. 

Overhead from the top of the column (zone 4) goes to a partial 
condenser at 400°F. Part of the condensate is returned to the top 
tray as reflux; the rest of it is product naphtha and proceeds beyond 
the battery limits. The uncondensed gas also goes beyond the 
battery limits. Condensed water is sewered. 


3. OLEFIN PRODUCTION 


A gaseous product rich in ethylene and propylene is made by 
pyrolysis of crude oil fractions according to the following 
description. Construct a flowsheet for the process. Use standard 
symbols for equipment and operating conditions. Space the symbols 
and proportion them in such a way that the sketch will have a 
pleasing appearance. 

Crude oil is pumped from storage through a steam heated 
exchanger and into an electric desalter. Dilute caustic is injected 
into the line just before the desalting drum. The aqueous phase 
collects at the bottom of this vessel and is drained away to the 
sewer. The oil leaves the desalter at 190°F, and goes through heat 
exchanger E-2 and into a furnace coil. From the furnace, which it 
leaves at 600°F, the oil proceeds to a distillation tower. 

After serving to preheat the feed in exchanger Е-2, the bottoms 
proceeds to storage; no bottoms pump is necessary because the 
tower operates with 65 psig at the top. А gas oil is taken off as a 
sidestream some distance above the feed plate, and naphtha is 
taken off overhead. Part of the overhead is returned as reflux to the 
tower, and the remainder proceeds to a cracking furnace. The gas 
oil also is charged to the same cracking furnace but into a separate 
coil. Superheated steam at 800°F is injected into both cracking coils 
at their inlets. 

Effluents from the naphtha and gas oil cracking coils are at 
1300°F and 1200°F, respectively. They are combined in the line just 
before discharge into a quench tower that operates at 5 psig and 
235°Е at the top. Water is sprayed into (һе top of this tower. The 
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bottoms is pumped to storage. The overhead is cooled in a water 
exchanger and proceeds to a separating drum. Condensed water 
and an aromatic oil separate out there. The water is sewered 
whereas the oil is sent to another part of the plant for further 
treating. 

The uncondensed gas from the separator is compressed to 
300 psig in a reciprocating unit of three stages and then cooled to 
100°Е. Condensed water and more aromatic distillate separate out. 
Then the gas is dried in a system of two desiccant-filled vessels that 
are used alternately for drying and regeneration. 

Subsequently the gas is precooled in exchanger E-6 and 
charged to a low temperature fractionator. This tower has a reboiler 
and a top refluxing system. At the top the conditions are 280 psig 
and —75?F. Freon refrigerant at —90°Е is used in the condenser. 
The bottoms is recycled to the pyrolysis coil. The uncondensed 
vapor leaving the reflux accumulator constitutes the product of this 
plant. It is used to precool the feed to the fractionator in E-6 and 
then leaves this part of the plant for further purification. 


4. PROPYLENE OXIDE SYNTHESIS 


Draw a process flowsheet for the manufacture of propylene oxide 
according to the following description. 

Propylene oxide in the amount of 5000 tons/yr will be made by 
the chlorohydrin process. The basic feed material is a hydrocarbon 
mixture containing 90% propylene and the balance propane which 
does not react. This material is diluted with spent gas from the 
process to provide a net feed to chlorination which contains 
40 mol % propylene. Chlorine gas contains 3% each of air and 
carbon dioxide as contaminants. 

Chlorination is accomplished in a packed tower in which the 
hydrocarbon steam is contacted with a saturated aqueous solution 
of chlorine. The chlorine solution is made in another packed tower. 
Because of the limited solubility of chlorine, chlorohydrin solution 
from the chlorinator is recirculated through the solution tower at a 
rate high enough to supplement the fresh water needed for the 
process. Solubility of chlorine in the chlorohydrin solution is 
approximately the same as in fresh water. 

Concentration of the effluent from the chlorinator is 81b 
organics/100 Ib of water. The organics have the composition 


Propylene chlorohydrin 75 mol ?6 
Propylene dichloride 19 
Propionaldehyde 6 


Operating pressure of the chlorinator is 30psig, and the 
temperature is 125?F. Water and the fresh gas stream are at 80°F. 
Heat of reaction is 2000 Btu/lb chlorine reacted. Percentage 
conversion of total propylene fed to the chlorinator is 95% 
(including the recycled material). 

Overhead from the chlorinator is scrubbed to remove excess 
chlorine in two vessels in succession which employ water and 5% 
caustic solution, respectively. The water from the first scrubber is 
used in the chlorine solution tower. The caustic is recirculated in 
order to provide adequate wetting of the packing in the caustic 
Scrubber; fresh material is charged in at the same rate as spent 
material is purged. Following the second scrubber, propylene 
dichloride is recovered from the gas by chilling it. The spent gas is 
recycled to the chlorinator in the required amount, and the excess is 
flared. 

Chlorohydrin solution is pumped from the chlorinator to the 
saponifier. It is mixed in the feed line with а 10% lime slurry and 
preheated by injection of live 25 psig steam to a temperature of 
200°F. Stripping steam is injected at the bottom of the saponifier, 
which has six perforated trays without downcomers. Propylene 


oxide and other organic materials go overhead; the bottoms contain 
unreacted lime, water, and some other reaction products, all of 
which can be dumped. Operating pressure is substantially 
atmospheric. Bubblepoint of the overhead is 60°F. 

Separation of the oxide and the organic byproducts is ac- 
complished by distillation in two towers. Feed from the saponifier 
contains oxide, aldehyde, dichloride, and water. In the first tower, 
oxide and aldehyde go overhead together with only small amounts 
of the other substances; the dichloride and water go to the bottom 
and also contain small amounts of contaminants. Two phases will 
form in the lower section of this tower; this is taken off as a partial 
side stream and separated into a dichloride phase which is sent to 
storage and a water phase which is sent to the saponifier as recycle 
near the top of that vessel. The bottoms are a waste product. Tower 
pressure is 20 psig. Live steam provides heat at the bottom of this 
column. 

Overhead from the first fractionator is condensed and charged 
to the second tower. There substantially pure propylene oxide is 
taken overhead. The bottoms is dumped. Tower pressure is 15 psig, 
and the overhead bubblepoint is 100°F. Reactions are 


Cl, + HO CIOH + HCI 
C,H, + Cl, + H,O > C,H, СОН + HCI | 2C,H,CIOH + Ca(OH), 
C,H, + CL > GH,Cl, — 2C,H,0 + CaCl, + 29,0 
C,H,CIOH — C;H,CHO + HCl 


Show all necessary major equipment, pumps, compressors, 
refrigerant lines. Show the major instrumentation required to make 
this process continuous and automatic. 


5. PHENOL BY THE CHLOROBENZENE PROCESS 


A portion of a plant for the manufacture of phenol from mono- 
chlorbenzene and NaOH is in accordance with the following descrip- 
tion. 


a. Construct a flowsheet of the process, with operating conditions 
and the two control instruments mentioned. 

b. Prepare a material balance showing the compositions of the 
process streams in the portion of the plant before the brine 
decanter V-103. The amount of phenol in this stream is 
2000 Ib/hr. Excess caustic (596) is fed to the emulsifier. 


Process description: The principal reactions in the plant are 


C,H5CI + 2NaOH  C,H,ONa + NaCl + H,O | 2C,H,OH 
C,H,ONa + HCl — C,H,OH + NaCl > (C,H;),0 + H,O 


From storage, monochlorbenzene and 10% caustic are pumped 
together with diphenyl ether from decanter V-102 into emulsifier 
У-101 which is provided with intense agitation. The effluent from 
that vessel is pumped with a high pressure steam driven 
reciprocating pump P-103 at 4000 psig through a feed~effluent 
exchanger E-101 and through the tube side of a direct fired heater 
R-101. Here the stream is heated to 700°F and reaction 1 occurs. 

From the reactor, the effluent is cooled in E-101, cooled further 
to 110°F in water cooler E-102, and then enters diphenyl ether 
decanter V-102. The lighter DPE phase is returned with pump 
P-104 to the emulsifier. The other phase is pumped with P-105 to 
another stirred vessel R-102 called a Springer to which 5% НСІ also 
is pumped, with P-106; here reaction 2 occurs. 

The mixture of two liquid phases is cooled in water cooler 
E-103 and then separated in brine decanter V-103. From that vessel 
the lighter phenol phase procecds (P-108) to a basket type 
evaporator D-101 that is heated with steam. Overhead vapor from 


the evaporator proceeds beyond the battery limit for further 
purification. Evaporator bottoms proceeds to waste disposal. The 
aqueous phase from decanter V-103 is pumped with P-109 through a 
feed-bottoms exchanger E-104 to the top tray of the brine tower 
D-102. The overhead is condensed іп E-105, collected іп 
accumulator V-104 and pumped beyond the battery limits for 
recovery of the phenol. Tower D-102 is provided with a steam 
heated reboiler E-106. Bottom product is a weak brine that is 
pumped with P-110 through the feed-bottoms exchanger and 
beyond the battery limits for recovery of the salt. 

Two important control instruments are to be shown on the 
flowsheet. These are a back pressure controller in the reactor 
effluent line beyond exchanger E-101 and a pH controller on the 
feed line of the 5% НСІ that is fed to springer R-102. The pH 
instrument maintains proper conditions in the springer. 

Note: There is a tendency to byproduct diphenyl ether 
formation in reactor R-101. However, a recycle of 100 pph of DPE 
in the feed to the reactor prevents any further formation of this 
substance. 


6. MANUFACTURE OF BUTADIENE SULFONE 


A plant is to manufacture butadiene sulfone at the rate of 
1250 Ib/hr from liquid sulfur dioxide and butadiene to be recovered 
from a crude C, mixture as starting materials. Construct a flowsheet 
for the process according to the following description. 

The crude C, mixture is charged to a 70 tray extractive 
distillation column Т-1 that employs acetonitrile as solvent. Trays 
are numbered from the bottom. Feed enters on tray 20, solvent 
enters on tray 60, and reflux is returned to the top tray. Net 
overhead product goes beyond the battery limits. Butadiene 
dissolved in acetonitrile leaves at the bottom. This stream is 
pumped to a 25-tray solvent recovery column T-2 which it enters on 
tray 20. Butadiene is recovered overhead as liquid and proceeds to 
the BDS reactor. Acetonitrile is the bottom product which is cooled 
to 100°F and returned to T-1. Both columns have the usual 
condensing and reboiling provisions. 

Butadiene from the recovery plant, liquid sulfur dioxide from 
storage, and a recycle stream (also liquified) are pumped through a 
preheater to a high temperature reactor R-1 which is of 
shell-and-tube construction with cooling water on the shell side. 
Operating conditions are 100°C апа 300 psig. The combined feed 
contains equimolal proportions of the reactants, and 80% 
conversion is attained in this vessel. The effluent is cooled to 70°С, 
then enters a low temperature reactor R-2 (maintained at 70°С апа 
50psig with cooling water) where the conversion becomes 92%. 
The effluent is flashed at 70°C and atmospheric pressure in D-1. 
Vapor product is compressed, condensed and recycled to the 
reactor R-1. The liquid is pumped to a storage tank where 24 hr 
holdup at 70°C is provided to ensure chemical equilibrium between 
sulfur dioxide, butadiene, and butadiene sulfone. Cooling water is 
available at 32°С. 


7. DETERGENT MANUFACTURE 


The process of making synthetic detergents consists of several 
operations that will be described consecutively. 


ALKYLATION 


Toluene and olefinic stock from storage are pumped (at 80°F) 
separately through individual driers and filters into the alkylation 
reactor. The streams combine just before they enter the reactor. 
The reactor is batch operated 4 hr/cycle; it is equipped with a single 
impeller agitator and a feed hopper for solid aluminum chloride 
which is charged manually from small drums. The alkylation 
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mixture is pumped during the course of the reaction through an 
external heat exchanger (entering at —10°Е and leaving at —15°F) 
which is cooled with ammonia refrigerant (at —25^F) from ап 
absorption refrigeration system (this may be represented by a block 
on the FS); the exchanger is of the kettle type. НСІ gas is injected 
into the recirculating stream just beyond the exit from the heat 
exchanger; it is supplied from a cylinder mounted in a weigh scale. 
The aluminum chloride forms an alkylation complex with the 
toluene. When the reaction is complete, this complex is pumped 
away from the reactor into a storage tank with a complex transfer 
pump. To a certain extent, this complex is reused; it is injected with 
its pump into the reactor recirculation line before the suction to the 
recirculation pump. There is a steam heater in the complex line, 
between the reactor and the complex pump. 

The reaction mixture is pumped away from the reactor with an 
alkymer transfer pump, through a steam heater and an orifice mixer 
into the alkymer wash and surge tank. Dilute caustic solution is 
recirculated from the a.w.s. tank through the orifice mixer. Makeup 
of caustic is from a dilute caustic storage tank. Spent caustic is 
intermittently drained off to the sewer. The a.w.s. tank has an 
internal weir. The caustic solution settles and is removed at the left 
of the weir; the alkymer overflows the weir and is stored in the 
right-hand portion of the tank until amount sufficient for charging 
the still has accumulated. 


DISTILLATION 


Separation of the reactor product is effected in a ten-plate batch 
distillation column equipped with a water-cooled condenser and a 
Dowtherm-heated (650°F, 53 psig) still. During a portion of the 
distillation cycle, operation is under vacuum, which is produced by 
a two-stage steam jet ejector equipped with barometric condensers. 
The Dowtherm heating system may be represented by a block. 
Product receiver drums are supplied individually for a slop cut, for 
toluene, light alkymer, heart alkymer, and a heavy alkymer 
distillate. Tar is drained from the still at the end of the operation 
through a water cooler into a bottoms receiver drum which is 
supplied with a steam coil. From this receiver, the tar is loaded at 
intervals into 50 gal drums, which are trucked away. In addition to 
the drums which serve to receive the distillation products during the 
operation of the column, storage tanks are provided for all except 
the slop cut which is returned to the still by means of the still feed 
pump; this pump transfers the mixture from the alkymer wash and 
surge tank into the still. The recycle toluene is not stored with the 
fresh toluene but has its own storage tank. The heavy alkymer 
distillate tank connects to the olefinic stock feed pump and is 
recycled to the reactor. 


SULFONATION 


Heart alkymer from storage and 100% sulfuric acid from the 
sulfuric acid system (which can be represented by a block) are 
pumped by the reactor feed pump through the sulfonation reactor. 
The feed pump is a positive displacement proportioning device with 
a single driver but with separate heads for the two fluids. The 
reactor is operated continuously; it has a single shell with three 
stages which are partially separated from each other with horizontal 
doughnut shaped plates. Each zone is agitated with its individual 
impeller; all three impellers are mounted on a single shaft. On 
leaving the reactor, the sulfonation mixture goes by gravity through 
a water cooler (leaving at 130°F) into a centrifuge. Spent acid from 
the centrifuge goes to storage (in the sulfuric acid system block); the 
sulfonic acids go to a small surgc drum or can bypass this drum and 
go directly to a large surge tank which is equipped with an agitator 
and a steam jacket. From the surge drum, the material is sent by an 
extraction feed pump through a water cooler, then a “‘flomix,” then 
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another water cooler, then another "flomix" (leaving at 150°F), and 
then through a centrifuge and into the sulfonic acid surge tank. 
Fresh water is also fed to each of the "flomixers." Wash acid is 
rejected by the centrifuge and is sent to the sulfuric acid system. 
The “Потіх” is a small vertical vessel which has two compartments 
and an agitator with a separate impeller for each compartment. 


NEUTRALIZATION 


Neutralization of the sulfonic acid and building up with sodium 
sulfate and tetrasodium pyrophosphate (TSPP) is accomplished in 
two batch reactors (5hr cycle) operated alternately. The sodium 
sulfate is pumped in solution with its transfer pump from the 
sodium sulfate system (which can be represented by a block). The 
TSPP is supplied as a solid and is fed by means of a Redler 
conveyor which discharges into a weigh hopper running on a track 
above the two reactors. Each reactor is agitated with a propeller 
and a turbine blade in a single shaft. 

Sodium hydroxide of 50% and 1% concentrations is used for 
neutralization. The 50% solution discharges by gravity into the 
reactor; the 1% solution is injected gradually into the suction side 
of the reactor slurry circulating pump. Ás the caustic is added to the 
reactor, the contents are recirculated through a water-cooled 
external heat exchanger (exit at 160°F), which is common to both 
reactors. When the reaction is completed in one vessel, the product 
is fed gradually by means of a slurry transfer pump to two double 
drum dryers which are steam-heated and are supplied with 
individual vapor hoods. The dry material is carried away from the 
dryers on a belt conveyor and is taken to a flaker equipped with an 
air classifier. The fines are returned to the trough between the dryer 
drums. From the classifier, the material is taken with another belt 
conveyor to four storage bins. These storage bins in turn discharge 
onto a belt feeder which discharges into drums which are weighed 
automatically on a live portion of a roller conveyor. The roller 
conveyor takes the drums to storage and shipping. 

Notes: All water cooled exchangers operate with water in at 
75°F and out at 100°. АП pumps are centrifugal except the complex 
transfer, and the sulfonation reactor feed, which are both piston 
type; the neutralization reactor recirculation pump and the transfer 
pumps аге gear pumps. 

Show all storage tanks mentioned in the text. 


8. NATURAL GAS ABSORPTION 


А gas mixture has the composition by volume: 


Component N; CH, CoH, С.Н; 
Mol fraction 0.05 0.65 0.20 0.10 


It is fed to an absorber where 75% of the propane is recovered. The 
total amount absorbed is 50mol/hr. The absorber has four 
theoretical plates and operates at 135 psig and 100°F. All of the 
absorbed material is recovered in a steam stripper that has a large 
number of plates and operates at 25 psig and 230°F. 

Water is condensed out of the stripped gas at 100°F. After 
compression to 50 psig, that gas is combined with a recycle stream. 
The mixture is diluted with an equal volume of steam and charged 
to a reactor where pyrolysis of the propane occurs at a temperature 
of 1300°F. For present purposes the reaction may be assumed to be 
simply C4H,— СН, + CH, with a specific rate К = 0.28/ѕес. 
Conversion of propane is 60%. Pressure drop in the reactor is 
20 psi. 

Reactor effluent is cooled to remove the steam, compressed to 
285 psig, passed through an activated alumina drying system to 
remove further amounts of water, and then fed to the first 
fractionator. In that vessel, 95% of the unconverted propane is 
recovered as a bottoms product. This stream also contains 396 


ethane as an impurity. It is throttled to 50 psig and recycled to the 
reactor. In two subsequent towers, ethylene is separated from light 
and heavy impurities. Those separations may be taken as complete. 

Construct a flow diagram of this plant. Show such auxiliary 
equipment as drums, heat exchangers, pumps, and compressors. 
Show operating conditions and flow quantities where calculable with 
the given data. 


9. TALL OIL DISTILLATION 


Tall oil is a byproduct obtained from the manufacture of paper pulp 
from pine trees. It is separated by vacuum distilation (50 mm Hg) 
in the presence of steam into four primary products. In the order of 
decreasing volatility these are unsaponifiables (US), fatty acid (FA), 
rosin acids (RA), and pitch (P). Heat exchangers and reboilers are 
heated with Dowtherm condensing vapors. Some coolers operate 
with water and others generate steam. Live steam is charged to the 
inlet of every reboiler along with the process material. Trays are 
numbered from the bottom of each tower. 

Tall oil is pumped from storage through a preheater onto tray 
10 of the pitch stripper T-1. Liquid is withdrawn from tray 7 and 
pumped through a reboiler where partial vaporization occurs in the 
presence of steam. The bottom 6 trays are smaller in diameter and 
serve as stripping trays. Steam is fed below tray 1. Pitch is pumped 
from the bottom through steam generator and to storagc. Overhead 
vapors are condensed in two units E-1 and Е-2. From the 
accumulator, condensate is pumped partly as reflux to tray 15 and 
partly through condenser E-1 where it is preheated on its way as 
feed to the next tower T-2. Steam is not condensed in E-2. It flows 
from the accumulator to a barometric condenser that is connected 
to a steam jet ejector. 

Feed enters T-2 at tray 5. There is a pump-through reboiler. 
Another pump withdraws material from the bottom and sends it to 
tower T-3. Liquid is pumped from tray 18 thróugh a cooler and 
returned in part to the top tray 20 for temperature and reflux 
control. A portion of this pumparound is withdrawn after cooling as 
unsaps product. Steam leaves the top of the tower and is condensed 
in the barometric. 

Tray 5 of T-3 is the feed position. This tower has two reboilers. 
One of them is a pumparound from the bottom, and the other is 
gravity feed from the bottom tray. Another pump withdraws 
material from the bottom, and then sends it through a steam 
generator and to storage as rosin acid product. A slop cut is 
withdrawn from tray 20 and pumped through a cooler to storage. 
Fatty acid product is pumped from tray 40 through a cooler to 
storage. Another stream is pumped around from tray 48 to the top 
tray 50 through a cooler. A portion of the cooled pumparound is 
sent to storage as another unsaps product. A portion of the 
overhead steam proceeds to the barometric condenser. The rest of 
it is boosted in pressure with high pressure steam in a jet 
compressor. The boosted steam is fed to the inlets of the two 
reboilers associated with T-3 and also directly into the column 
below the bottom tray. 

The vapors leaving the primary barometric condenser proceed 
to a steam ejector that is followed by another barometric. Pressures 
at the tops of the towers are maintained at 50mm Hg absolute. 
Pressure drop is 2mm Hg per tray. Bottom temperatures of the 
three towers are 450, 500, and 540°F, respectively. Tower overhead 
temperatures are 200°F. Pitch and rosin go to storage at 350°F and 
the other products at 125?F. The steam generated in the pitch and 
rosin coolers is at 20 psig. Process steam is at 150 psig. 


10. RECOVERY OF ISOPRENE 


Draw carefully a flowsheet for the recovery of isoprene from a 
mixture of С; hydrocarbons by extractive distillation with aqueous 
acctonitrile according to the following description. 


А hydrocarbon stream containing 60 mol % isoprene is charged 
at the rate of 10,000 pph to the main fractionator D-1 at tray 40 
from the top. The solvent is acetonitrile with 10 wt % water; it is 
charged at the rate of 70,000 pph on tray 11 of D-1. This column has 
a total of 70 trays, operates at 10 psig and 100°F at the top and 
about 220?F at the bottom. И has the usual provisions for reboiling 
and top reflux. 

The extract is pumped from the bottom of D-1 to a stripper 
D-2 with 35 trays. The stripped solvent is cooled with water and 
returned to D-J. Ап isoprene-acetonitrile azeotrope goes 
overhead, condenses, and is partly returned as top tray reflux. The 
net overhead proceeds to an extract wash column D-3 with 20 trays 
where the solvent is recovered by countercurrent washing with 
water. The overhead from D-3 is the finished product isoprene. The 
bottoms is combined with the bottoms from the raffinate wash 
column D-4 (20 trays) and sent to the solvent recovery column D-5 
with 15 trays. 

Overhead from D-1 is called the raffinate. It is washed 
countercurrently with water in D-4 for the recovery of the solvent, 
and then proceeds beyond the battery limits for further conversion 
to isoprene. Both wash columns operate at substantially 
atmospheric pressure and 100°F. The product streams are delivered 
to tke battery limits at 100 psig. 

Solvent recovery column D-5 is operated at 50mm Hg 
absolute, so as to avoid the formation of an azeotrope overhead. 
The required overhead condensing temperature of about 55?F is 
provided with a propane compression refrigeration system; suction 
condition is 40°F and 30 psig, and discharge condition is 200 psig. 
Vacuum is maintained on the reflux accumulator with a two-stage 
steam ejector, with a surface interstage condenser and a direct 
water spray after-condenser. The stripped bottoms of D-5 is cooled 
to 100°F and returned to the wash columns. Some water makeup is 
necessary because of leakages and losses to process streams. The 
solvent recovered overhead in D-5 is returned to the main column 
D-1. Solvent makeup of about 20 pph is needed because of losses in 
the system. 

Steam is adequate for all reboiling needs in this plant. 


11. VACUUM DISTILLATION 


This plant is for the distillation of a heavy petroleum oil. The 
principal equipment is a vacuum tower with 12 trays. The top tray is 
numbered 1. Ттау 1, 2, 10, 11, and 12 are one-half the diameter of 
the other trays. The tower operates at 50mm Hg. 

Oil is charged with pump J-1 through an exchanger E-1, 
through a fired heater from which it proceeds at 800°F onto tray 10 
of the tower. Live steam is fed below the bottom tray. 

Bottoms product is removed with pump J-3 through a steam 
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generator and a water cooled exchanger E-3 beyond the battery 
limits. A side stream is taken off tray 6, pumped with J-2 through 
E-1, and returned onto tray 3 of the tower. Another stream is 
removed from tray 2 with pump J-4 and cooled in water exchanger 
E-2; part of this stream is returned to tray 1, and the rest of it leaves 
the plant as product gas oil. 

Uncondensed vapors are removed at the top of the column 
with a one-stage steam jet ejector equipped with a barometric 
condenser. 

Show the principal controls required to make this plant operate 
automatically. 


12. AIR SEPARATION 


Make a flowsheet of an air purification and separation plant that 
operates according to the following description. 

Atmospheric air at the rate of 6.1 million SCFD is compressed 
to 160 psig in a two-stage compressor 1-1 that is provided with an 
intercooler and a knockout drum. Then it proceeds to a packed 
tower T-1 where it is scrubbed with recirculating caustic soda 
solution. Overhead from T-1 is cooled to 14°F in a refrigerated 
exchanger. After removal of the condensate, this stream proceeds 
to a dryer system that consists principally of two vessels F-1 and Е-2 
packed with solid desiccant. 

After being precooled with product oxygen in exchanger E-1 
and with product nitrogen in E-2, the air serves as the heating 
medium in reboiler E-3 of column T-2. Its pressure then is reduced 
to 100 psig, and it is fed to the middle of column T-2. Bottoms of 
Т-2 is fed to the middle of column T-3. This stream contains 40% 
oxygen. 

Columns T-3 and T-4 operate at 15 and 30 psig, respectively. 
Column T-3 is located above Т-4. Elevations and pressure 
differentials are maintained in such a way that no liquid pumps are 
needed in the distillation section of the plant. 

Part of tbe overhead from T-2 (containing 96% nitrogen) is 
condensed in E-4 which is the reboiler for column T-3, and the 
remainder is condensed in E-5 which is the reboiler for T-4. Part of 
the condensate from E-4 is returned as reflux to T-2 and the rest of 
the condensates from E-4 and E-5 serve as top reflux to T-3. 
Overhead from Т-3 contains 99.5% nitrogen. After precooling the 
feed in E-2, this nitrogen proceeds to the battery lirnits. 

Bottoms of T-3 proceeds to the top of stripper T-4. Vapor 
overhead from T-4 is recycled to the middle of T-3. The bottoms 
product (containing 99.5% oxygen) is sent partly to liquid storage 
and the remainder to precooler E-1 where it is vaporized. Then it is 
compressed to 150 psig in a two-stage compressor JJ-2 and sent to 
the battery limits. Compressor JJ-2 has inter- and aftercoolers and 
knockout drums for condensate. 


———— —— 9 


PROCESS CONTROL 


Il processes are subject to disturbances that tend to 

change operating conditions, compositions, and 

physical properties of the streams. In order to 

minimize the ill effects that could result from such 
disturbances, chemical plants are implemented with 
substantial amounts of instrumentation and automatic control 
equipment. In critical cases and in especially large plants, 
moreover, the instrumentation is computer monitored for 
convenience, safety, and optimization. 

For example, a typical billion Ib/yr ethylene plant may 
have 600 control loops with control valves and 400 interacting 
loops with a cost of about $6 million. (Skrokov, 1980, pp. 13, 
49; see Sec. 3.1); the computer implementation of this 
control system will cost another $3 million. Figure 3.1 shows 
the control system of an ethylene fractionator which has 12 
input signals to the computer and four outgoing reset signals 
to flow controllers. 

In order for a process to be controllable by machine, it 
must represented by a mathematical model. Ideally, each 
element of a dynamic process, for example, a reflux drum or 
an individual tray of a fractionator, is represented by 
differential equations based on material and energy balances, 
transfer rates, stage efficiencies, phase equilibrium relations, 
etc., as well as the parameters of sensing devices, control 
valves, and control instruments. The process as a whole then 
is equivalent to a system of ordinary and partial differential 
equations involving certain independent and dependent 
variables. When the values of the independent variables are 
specified or measured, corresponding values of the others are 
found by computation, and the information is transmitted to 
the control instruments. For example, if the temperature, 
composition, and flow rate of the feed to a fractionator are 
perturbed, the computer will determine the other flows and 
the heat balance required to maintain constant overhead 
purity. Eccnomic factors aiso can be incorporated in process 
models; then the computer can be made to optimize the 
operation continually. 

For control purposes, somewhat simplified mathematical 
models usually are adequate. In distillation, for instance, the 
Underwood-Fenske-QGilliland model with constant relative 
volatilities and a simplified enthalpy balance may be preferred 
to a full-fledged tray-by-tray calculation every time there is а 
perturbation. In contro! situations, the demand for speed of 
response may not be realizable with an overly elaborate 
mathematical system. Moreover, in practice not all 
disturbances are measurable, and the process characteristics 
are not known exactly. Accordingly feedforward control is 
supplemented in most instances with feedback. In a 
well-designed system (Shinskey, 1984, p. 186) typically 90% 


of the corrective action is provided by feed forward and 1096 
by feedback with the result that the integrated error is 
reduced by a factor of 10. 

A major feature of many modern control systems is 
composition control which has become possible with the 
development of fast and accurate on-line analyzers. Figure 3.2 
shows that 10 analyzers are used for control of ethylene 
composition in this plant within the purities shown. High 
speed on-line gas chromatographs have analysis times of 
30—120 sec and are capable of measuring several 
components simultaneously with a sensitivity in the 
parts/million range. Mass spectrometers are faster, more 
stable, and easier to maintain but are not sensitive in the ppm 
range. Any one instrument can be hooked up to a half-dozen 
or so sample ports, but, of course, at the expense of time lag 
for controller response. Infrared and NMR spectrometers also 
are feasible for on-line analysis. Less costly but also less 
specific analyzers are available for measuring physical 
properties such as refractive index and others that have been 
calibrated against mixture composition or product purity. 

The development of a mathematical model, even a 
simplified one that is feasible for control purposes, takes a 
major effort and is well beyond the scope of the brief 
treatment of process control that can be attempted here. 
What will be given is examples of control loops for the 
common kinds of equipment and operations. Primarily these 
are feedback arrangements, but, as mentioned earlier, 
feedback devices usually are necessary supplements in 
primarily feedforward situations. 

When processes are subject only to slow and small 
perturbations, conventional feedback PID controllers usually 
are adequate with set points and instrument characteristics 
fine-tuned in the field. As an example, two modes of control 
of a heat exchange process are shown in Figure 3.8 where 
the objective is to maíntain constant outlet temperature by 
exchanging process heat with a heat transfer medium. Part (a) 
has a feedback controller which goes into action when a 
deviation from the preset temperature occurs and attempts to 
restore the set point. Inevitably some oscillation of the outlet 
temperature will be generated that will persist for some time 
and may never die down if perturbations of the inlet condition 
occur often enough. In the operation of the feedforward 
control of part (b), the flow rate and temperature of the 
process input are continually signalled to a computer which 
then finds the flow rate of heat transfer medium required to 
maintain constant process outlet temperature and adjusts the 
flow control valve appropriately. Temperature oscillation 
amplitude and duration will be much less in this mode. 





3.1. FEEDBACK CONTROL 


In feedback control, after an offset of the controlled variable from a 
preset value has been generated, the controller acts to eliminate or 
reduce the offset. Usually there is produced an oscillation in the 
value of the controiled variable whose amplitude, period, damping 
and permanent offset depend on the nature of the system and the 


mode of action of the controller. The usual controllers provide one, 
two, or three of these modes of corrective action: 


1. Proportional, in which the corrective action is proportional to 
the error signal. 

2. Integral, in which the corrective action at time ¢ is proportional 
to the integral of the error up to that time. 
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Figure 3.1. Optimized control of an ethylene tower (Skrokov (Ed.), Mini- and Microcomputer Control in Industrial Processes, Van 
Nostrand | Reinhold, New York, 1980). 
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Carbon dioxide less than 10 ppm mol. % 
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Figure 3.2. Flowsketch of an olefins plant and specifications of the ethylene product. AR designates a composition analyzer 
and controller (after Skrokov (Ed.), Mini- and Microcomputer Control in Industrial Processes, Van Nostrand / Reinhold, 
New York, 1980). 


3. Derivative, in which the corrective action is proportional to the 
rate at which the error is being generated. 


The relation between the change in output т — то and input e 
signals accordingly is represented by 


‘ а 
тта (ед еа каа). 


Just how these modes of action are achieved in relatively 
inexpensive pneumatic or electrical devices is explained in books on 
control instruments, for example, that of Considine (Process 
Instruments and Controls Handbook, Sec. 17, 1974). The low prices 
and considerable flexibility of PID controllers make them the 
dominant types in usc, and have discouraged the development of 
possibly superior types, particularly as one-shot deals which would 
be the usual case in process plants. Any desired mode of action can 
be simulated by a computer, but at a price. 

A capsule summary of the merits of the three kinds of 
corrective action can be made. The proportional action is rapid but 
bas a permanent offset that increases as the action speeds up. The 
addition of integral action reduces or entirely eliminates the offset 
but has a more sluggish response. The further addition of derivative 
action speeds up the correction. The action of a three-mode PID 
controller can be made rapid and without offset. These effects are 
illustrated in Figure 3.3 for a process subjected to a unit step upset, 
in this case a change in the pressure of the control air. The ordinate 
is the ratio of the displacements of the response and upset from the 
set point. 

The reason for a permanent offset with a proportional con- 
troller can be explained with an example. Suppose the tempera- 
ture of a reactor is being controlled with a pneumatic system. 
At the set point, say the valve is 5096 open and the flow rate 
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Figure 3.3. Response of various modes of control to step input 
(Eckman, Automatic Process Control, Wiley, New York, 1958). 
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of cooling water is fixed accordingly. Suppose the heat load is 
doubled suddenly because of an increase in the reactor contents. At 
steady state the valve will remain 50% open so that the water flow 
rate also will remain as before. Because of the greater rate of heat 
evolution, however, the temperature will rise to a higher but still 
steady value. On the other hand, the corrective action of an integral 
controller depends on displacement of the temperature from the 
original set point, so that this mode of control will restore the 
original temperature. 

The constants K,, К,, and K, are settings of the instrument. 
When the controller is hooked up to the process, the settings 
appropriate to a desired quality of control depend on the inertia 
(capacitance) and various response times of the system, and they 
can be determined by field tests. The method of Ziegler and Nichols 
used in Example 3.1 is based on step response of a damped system 
and provides at least approximate values of instrument settings 
which can be further fine-tuned in the field. 

The kinds of controllers suitable for the common variables may 
be stated briefly: 


Variable Controller 
Flow and liquid pressure P! 

Gas pressure P 

Liquid level P or PI 
Temperature PID 
Composition P, PI, PID 


Derivative control is sensitive to noise that is made up of random 
higher frequency perturbations, such as splashing and turbulence 
generated by inflow in the case of liquid level control in a vessel, so 
that it is not satisfactory in such situations. The variety of 
composition controllers arises because of the variety of composition 
analyzers or detectors. 

Many corrective actions ultimately adjust a flow rate, for 
instance, temperature control by adjusting the flow of a heat 
transfer medium or pressure by regulating the flow of an effluent 
stream. А control unit thus consists of a detector, for example, а 
thermocouple, a transmitter, the control instrument itself, and a 
control valve. The natures, sensitivities, response speeds, and 
locations of these devices, together with the inertia or capacity of 
the process equipment, comprise the body of what is to be taken 
into account when designing the control system. In the following 
pages will be described only general characteristics of the major 
kinds of control systems that are being used in process plants. 
Details and criteria for choice between possible alternates must be 
sought elsewhere. The practical aspects of this subject are treated, 
for example, in the References at the end of this chapter. 


SYMBOLS 


On working flowsheets the detectors, transmitters, and controllers 
are identified individually by appropriate letters and serial numbers 
in circles. Control valves are identified by the letters CV- followed 
by a serial number. When the intent is to show only in general the 
kind of control system, no special symbol is used for detectors, but 
simply a point of contact of the signal line with the equipment or 
process line. Transmitters are devices that convert the measured 
variable into air pressure for pneumatic controllers or units 
appropriate for electrical controllers. Temperature, for instance, 
may be detected with thermocouples or electrical resistance or 
height of a liquid column or radiant flux, etc., but the controller can 
accept only pneumatic or electrical signals depending on its type. 
When the nature of the transmitter is clear, it may be represented 
by an encircled cross or left out entirely. For clarity, the flowsheet 
can include only the most essential information. In an actual design 
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EXAMPLE 3.1 

Constants of PID Controllers from Response Curves to a Step 

Input 
The method of Ziegler and Nichols [Trans ASME, (Dec. 1941)] will 
be used. The example is that of Tyner and May (Process 
Engineering Control, Ronald, New York, 1967). The response to a 
change of 2 psi on the diaphragm of the control valve is shown. The 
full range of control pressure is from 3 to 15 psi, a difference of 
12psi, and the range of temperature is from 100 to 200°F, a 
difference of 100?F. Evaluate the % displacement of pressure as 


Ат = 100(2/12) = 16.7%. 
From the curve, the slope at the inflection point is 
R = 17.5/100(7.8 — 2.4) = 3.24% / min, 
and the apparent time delay is the intercept on the abscissa, 
L = 2.40 min. 
The values of the constants for the several kinds of controllers are 
Proportional: 100/K, = % PB = 100RL/Am = 100(3.24)(2.4)/ 
16.7 = 46.6%. 
Proportional-integral: % РВ = 110RL/Am = 51.2% 


K; = L/0.3 = 8 min 


Proportional-integral-derivative: 


% РВ = 83RL/Am = 38.6%, 
К; = 21. = 4.8 min, 
Ка= 0.51 = 1.2 шіп. 


These аге approximate instrument settings, and may need to be 
adjusted in process. PB is proportional band. 

A recent improvement of the Ziegler-Nichols method due to 
Yuwana and Seborg [AIChE J. 28, 434 (1982)| is calculator 
programmed by Jutan and Rodriguez [Chem. Eng. 91(18), 69-73 
(Sep. 3, 1984)]. 
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case, details of detectors and transmitters as well as all other 
elements of a control system аге summarized on instrument 
specification forms. The simplified coding used in this chapter is 
summarized on Figure 3.4. 


CASCADE (RESET) CONTROL 


Some control situations require interacting controllers. On Figure 
3.19(d), for instance, a composition controller regulates the setpoint 
of the temperature controller of a reactor and on Figure 3.15(g) the 
set point of the reflux flow rate is regulated by composition or 
temperature control. Composite systems made up of regions that 
respond with varying degrees of speed or sluggishness are 
advantageously equipped with cascade control. In the reactor of 
Figure 3.19(b), the temperature TT-1 of the vessel contents 
responds only slowly to changes in flow rate of the heat transfer 
medium, but the temperature TT-2 of the HTM leaving the cooling 
coil is comparatively sensitive to the flow rate. Accordingly, 
controller TC-2 is allowed to adjust the setpoint of the primary 
controller TC-1 with an overall improvement in control of the 
reactor temperature. The controller being reset is identified on 
flowsheets. 


3.2. INDIVIDUAL PROCESS VARIABLES 


The variables that need to be controlled in chemical processing are 
temperature, pressure, liquid level, flow rate, flow ratio, com- 
position, and certain physical properties whose magnitudes may be 
influenced by some of the other variables, for instance, viscosity, 
vapor pressure, refractive index, ctc. When the temperature and 
pressure are fixed, such properties are measures of composition 
which may be known exactly upon calibration. Examples of control 


of individual variables are shown in the rest of this chapter with the 
various equipment (say pumps or compressors) and processes (say 
distillation or refrigeration) and on the earlier flowsketches of this 
and the preceding chapters, but some general statements also can 
be made here. Most control actions ultimately depend on regulation 
of a flow rate with a valve. 


TEMPERATURE 


Temperature is regulated by heat exchange with a heat transfer 
medium (HTM). The flow rate of the HTM may be adjusted, or the 
condensing pressure of steam or other vapor, or the amount of beat 
transfer surface exposed to condensing vapor may be regulated by 
flooding with condensate, which always has a much lower heat 
transfer coefficient than that of condensing vapor. In a reacting 
system of appropriate vapor pressure, a boiling temperature at 
some desired value can be maintained by refluxing at the proper 
controlled pressure. Although examples of temperature control 
appear throughout this chapter, the main emphasis is in the section 
on heat exchangers. 


PRESSURE 


Pressure is controlled by regulating the flow of effluent from the 
vessel. The effluent may be the process stream itself or a non- 
condensable gas that is generated by the system or supplied for 
blanketing purposes. The system also may be made to float on the 
pressure of the blanketing gas supply. Control of the rate of 
condensation of the effluent by allowing the heat transfer surface to 
flood partially is a common method of regulating pressure in 
fractionation systems. Throttling a main effluent vapor line usually 
is not done because of the expense of large control valves. Figure 
3.5 shows vacuum production and control with steam jet cjectors. 


Analysis (composition) controller, transmitter 


C) © 
© © 


CO © 


Differential pressure controller, transmitter 


Flow rate controller, transmitter 
Liquid leve! controller, transmitter 
Pressure controller, transmitter 
Temperature controller, transmitter 
General symbol for transmitter 


Control valve 


Signal line, pneumatic or electrical 


x © 


>< 


Point of detection 


><) 


Figure 3.4. Symbols for control elements to be used on flowsheets. 
Instrument Society of America (ISA) publication no. $51.5 is 
devoted to process instrumentation terminology. 


LEVEL OF LIQUID 


Level of liquid in a vessel often is maintained by permanent or 
adjustable built-in weirs for the effluent, notably on the trays of 
fractionators, extractors, etc., and in reactors and drums. Any 
desired adjustments of weir height, however, can be made only on 
shutdown. Control of the flow rate of effluent (sometimes of the 
input) is the most common other method of level control. Liquid 
levels often are disturbed by splashing or flow turbulence, so that 
rather sluggish controllers are used for this service. Conceivably, a 
level could be controlled by forcing effluent through an opening of 
fixed size with a controlled pressure, but there do not appear to be 
many such applications. Continual control of the weight of a vessel 
and its contents is another control method that is not used often. 
Figure 3.6 is devoted to level control. 


FLOW RATE 


A rate of flow is commonly measured by differential pressure across 
an orifice, but many other devices also are used on occasion. 
Simultaneous measurements of temperature and pressure allow the 
flow measurement to be known in mass units. Direct mass flow 
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meters also are available. The flow measurement is transmitted to a 
controller which then adjusts the opening of a control valve so as to 
maintain the desired condition. 


FLOW OF SOLIDS 


Except for continuous weighing, control of the flow of solids is less 
precise than that of fluids. Several devices used for control of feed 
rates are shown schematically in Figure 3.7. They all employ 
variable speed drives and are individually calibrated to relate speed 
and flow rate. Ordinarily these devices are in effect manually set, 
but if the solid material is being fed to a reactor, some property of 
the mixture could be used for feed back control. The continuous 
belt weigher is capable ordinarily of +1% accuracy and even 
+0.1% when necessary. For processes such as neutralizations with 
lime, addition of the solid to process in slurry form is acceptable. 
The slurry is prepared as a batch of definite concentration and 
charged with a pump under flow control, often with a diaphragm 
pump whose stroke can be put under feedback control. For some 
applications it is adequate or necessary to feed weighed amounts of 
solids to a process on a timed basis. 


FLOW RATIO 


Flow ratio control is essential in processes such as fuel-air mixing, 
blending, and reactor feed systems. In a two-stream process, for 
example, each stream will have its own controller, but the signal 
from the primary controller will go to a ratio control device which 
adjusts the set point of the other controller. Figure 3.17(a) is an 
example. Construction of the ratioing device may be an adjustable 
mechanical linkage or may be entirely pneumatic or electronic. In 
other two-stream operations, the flow rate of the secondary stream 
may be controlled by some property of the combined stream, 
temperature in the case of fuel-air systems or composition or some 
physical property indicative of the proportions of the two streams. 


COMPOSITION 


The most common detectors of specific substances are gas 
chromatographs and mass spectrometers, which have been 
mentioned earlier in this chapter in connection with feedforward 
control. Also mentioned have been physical properties that have 
been calibrated against mixture compositions. Devices that are 
specific for individual substances also are sometimes available, for 
example pH, oxygen, and combustion products. Impregnated 
reactive tapes have been made as specific detectors for many 
substances and are useful particularly for low concentrations. 
Composition controllers act by adjusting some other condition of 
the system: for instance, the residence time in converters by 
adjusting the flow rate, or the temperature by adjusting the flow of 
HIM, or the pressure of gaseous reactants, or the circulation rate 
of regenerable catalysts, and so on. The taking of representative 
samples is an aspect of on-line analysis that slows down the 
responsiveness of such control. The application of continuously 
measuring in-line analyzers is highly desiraole. Some physical 
properties can be measured this way, and also concentrations 
of hydrogen and many other ions with suitable electrodes. 
Composition controllers are shown for the processes of Figures 3.1 
and 3.2. 


3.3. EQUIPMENT CONTROL 


Examples are presented of some usual control methods for the 
more widely occurring equipment in chemical processing plants. 
Other methods often are possible and may be preferable because of 
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Figure 3.5. Vacuum control with steam jet ejectors and with mechanical vacuum pumps. (a) Air bleed on PC. The steam and water rates are 
hand set. The air bleed can be made as small as desired. This can be used only if air is not harmful to the process. Air bleed also can be used 
with mechanical vacuum pumps. (b) Both the steam and water supplies are on automatic control. This achieves the minimum cost of utilities, 
but the valves and controls are relatively expensive. (c) Throttling of process gas flow. The valve is larger and more expensive even than the 
vapor valve of case (a). Butterfly valves are suitable. This method also is suitable with mechanical vacuum pumps. (d) No direct pressure 
control. Settings of manual control valves for the utilities with guidance from pressure indicator РІ. Commonly used where the greatest 


vacuum attainable with the existing equipment is desired. 


| EFFLUENT (b) 


ic) INPUT 


VAPOR 


LIQUID 


Figure 3.6. Some modes of control of liquid level. (a) Level control 
by regulation of the effluent flow rate. This mode is externally 
adjustable. (b) Level control with built in overflow weir. The weir 
may be adjustable, but usually only during shutdown of the 
equipment. (c) Overflow weir in a horizontal kettle reboiler. The 
weir setting usually is permanent. 


greater sensitivity or lower cost. Also it should be noted tbat the 
choice of controls for particular equipment may depend on the kind 
of equipment it is associated with. Only a few examples are shown 
of feedforward control, which should always be considered when 
superior control is needed, the higher cost is justified, and the 
process simulation is known. Another relatively expensive method 
is composition control, which has not been emphasized here except 
for reactors and fractionators, but its possible utility always should 
be borne in mind. Only primary controllers are shown. The 
complcte instrumentation of a plant also includes detectors and 
transmitters as well as indicators of various operating conditions. 
Such indications may be input to a computer for the record or for 
control, or serve as guides for manual control by operators who 
bave not been entirely obsolesced. 


HEAT TRANSFER EQUIPMENT 


Four classes of this kind of equipment are considered: heat 
exchangers without phase change, steam heaters, condensers, and 
vaporizers or reboilers. These arc grouped together with 
descriptions in Figures 3.8-3.11. Where applicable, comments are 
made about the utility of the particular method. In these heat 
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Figure 3.7. Solids feeders with variable speed drives. (a) Rotary 
vane (star) feeder with variable speed drive. (b) Horizontal screw 
feeder. (c) Belt feeder taking material from a bin with an adjustable 
underflow weir. (d) Rotary plate feeder: Rate of discharge is 
controlled by the rotation speed, height of the collar, and the 
position of the plow. (e) Continuously weighing feeder with variable 
speed belt conveyor. 





Figure 5.8. Heat exchangers without phase change. PF = process 
fluid, НТМ = heat transfer medium. (a) Feedback control of PF 
outlet temperature. Flow rate of HTM is adjusted as the PF outlet 
temperature is perturbed. The valve may be in either the input or 
output line. (b) Feedforward control. PF outlet setpoint T-2 and 
perturbations of PF input flow and temperature are fed to the 
monitor which adjusts the flow rate of the HTM to maintain 
constant PF outlet temperature T2. (c) Exchanger with bypass of 
process fluid with a three-way valve. The purpose of TC-2 is to 
conserve on that fluid or to limit its temperature. When the inherent 
leakage of the three-way valve is objectionable, the more expensive 
two two-way valves in the positions shown are operated off TC-1. 
(d) A two-fluid heat transfer system. The PF is heated with the 
HTM which is a closed circuit heated by Dowtherm or combustion 
gases. The Dowtherm is on flow control acting off TC-2 which is on 
the НТМ circuit and is reset by TC-1 on the PF outlet. The HTM 
also is on flow control. Smoother control is achievable this way than 
with direct heat transfer from very high temperature Dowtherm or 
combustion gases. (e) Air cooler. Air flow rate is controllable with 
adjustable louvers or variable pitch fan or variable speed motors. 
The latter two methods achieve some saving of power compared 
with the louver design. Multispeed motors are also used for change 
between day and night and between winter and summer. The 
switching can be made automatically off the air temperature. 
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Figure 3.9. Steam heaters. (a) Flow of steam is controlled off the PF 
outlet temperature, and condensate is removed with a steam 
trap or under liquid level control. Subject to difficulties when 
condensation pressure is below atmospheric. (b) Temperature 
control on the condensate removal has the effect of varying the 
amount of flooding of the heat transfer surface and hence the rate 
of condensation. Because the flow of condensate through the valve 
is relatively slow, this mode of control is sluggish compared with 
(а). However, the liquid valve is cheaper than the vapor one. (c) 
Bypass of process fluid around the exchanger. The condensing 
pressure is maintained above atmospheric so that the trap can 
discharge freely. (d) Cascade control. The steam pressure responds 
quickly to upsets in steam supply conditions. The more sluggish PF 
temperature is used to adjust the pressure so as to maintain the 
proper rate of heat transfer. 


PF VAPOR 


(a) PF CONDENSATE 


PF VAPOR 





(b) 


PF VAPOR 





(c) PF CONDENSATE 


PF VAPOR 







accumulator drum 





-----------і 


10-15 ЕТ 


+ 





SUBCOOLED 
PF CONDENSATE 


(d) { 


Figure 3.10. Condensers. (а) Condenser on temperature control of 
the PF condensate. Throttling of the flow of the HTM may make it 
too hot. (b) Condenser on pressure control of the HTM flow. 
Throttling of the flow of the HTM may make it too hot. (c) Flow 
rate of condensate controlled by pressure of PF vapor. If the 
pressure rises, the condensate flow rate increases and the amount of 
unflooded surface increases, thereby increasing the rate of 
condensation and lowering the pressure to the correct value. (d) 
Condenser with vapor bypass to the accumulator drum. The 
condenser and drum become partially flooded with subcooled 
condensate. When the pressure falls, the vapor valve opens, and the 
vapor flows directly to the drum and heats up the liquid there. The 
resulting increase in vapor pressure forces some of the liquid back 
into the condenser so that the rate of condensation is decreased and 
the pressure consequently is restored to the preset value. With 
sufficient subcooling, a difference of 10—15 ft in lcvels of drum and 
condenser is sufficient for good control by this method. 
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Figure 3.11. Vaporizers (reboilers). (a) Waporizer with flow-rate of 
HTM controlled by temperature of the PF vapor. HTM may be 
liquid or vapor to start. (b) Thermosiphon reboiler. A constant rate 
of heat input is assured by flow control of the HTM which may be 
either liquid or vapor to start. (c) Cascade control of vaporizer. The 
flow contro! or. the HTM supply responds rapidly to changes in the 
heat supply system. The more sluggish TC on the PF vapor resets 
the FC if need be to maintain temperature. (d) Vaporization of 
refrigerant and cooling of process fluid. Flow rate of the PF is the 
primary control. The flow rate of refrigerant vapor is controlled by 
the level in the drum to ensure constant condensation when the 
incoming PF ts in vapor form. 


transfer processes the object is to control the final temperature of 
the process fluid (PF) or the pressure of its source or to ensure a 
constant rate of heat input. This is accomplished primarily by 
regulation of the flow of the heat transfer medium (HTM). 
Regulation of the temperature of the HTM usually is less 
convenient, although it is done indirectly in steam heaters by 
throttling of the supply which has the effect of simultaneously 
changing the condensing pressure and temperature of the steam 
side. 
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DISTILLATION EQUIPMENT 


As a minimum, a distillation assembly consists of a tower, reboiler, 
condenser, and overhead accumulator. The bottom of the tower 
serves as accumulator for the bottoms product. The assembly must 
be controlled as a whole. Almost invariably, the pressure at either 
the top or bottom is maintained constant; at the top at such a value 
that the necessary reflux can be condensed with the available 
coolant; at the bottom in order to keep the boiling temperature low 
enough to prevent product degradation cr low enough for the 
available HTM, and definitely well below the critical pressure of the 
bottom composition. There still remain a relatively large number of 
variables so that care must be taken to avoid overspecifying the 
number and kinds of controls. For instance, it is not possible to 
control the flow rates of the feed and the top and bottom products 
under perturbed conditions without upsetting holdup in the system. 

Two flowsketches are shown on Figures 3.1 and 3.12 of controls 
on an ethylene fractionator. On Figure 3.1, which is part of the 
complete process of Figure 3.2, a feedforward control system with a 
multiplicity of composition analyzers is used to ensure the high 
degree of purity that is needed for this product. The simpler 
diagram, Figure 3.12, is more nearly typical of two-product 
fractionators, the only uncommon variation being the use of a 
feed-overhead effluent heat exchanger to recover some refrig- 
eration. 

Crude oil fractionators are an example of a more elaborate 
system. They make several products as side streams and usually 
have some pumparound reflux in addition to top reflux which serve 
to optimize the diameter of the tower. Figure 3.13 is of such a tower 
operating under vacuum in order to keep the temperature below 
cracking conditions. The side streams, particularly those drawn off 
atmospheric towers, often are steam stripped in external towers 
hooked up to the main tower in order to remove lighter com- 
ponents. These strippers each have four or five trays, operate 
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Figure 3.12. Fractionator for separating ethylene and ethane with a 
refrigerated condenser. FC on feed, reflux, and steam supply. LC 
on bottom product and refrigerant vapor. Pressure control PC on 
overhead vapor product. 
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Figure 3.13. Crude oil vacuum tower. Pumparound reflux is provided at three lower positions as well as at 
the top, with the object of optimizing the diameter of the tower. Cooling of the side streams is part of the 
heat recovery system of the entire crude oil distillation plant. The cooling water and the steam for stripping 


and to the vacuum ejector are on hand control. 


off level control on the main tower, and return their vapors to the 
main tower. 

A variety of control schemes are shown separately in Figures 
3.14 and 3.15 for the lower and upper sections of fractionators. To 
some extent, tbese sections are controllable independently but not 
entirely so because the flows of mass and heat are interrelated by 
the conservation laws. In many of the schemes shown, the top reflux 
rate and the flow of HTM to the reboiler are on flow controls. 
These quantities are not arbitrary, of course, but are found by 
calculation from material and energy balances. Moreover, neither 
the data nor the calculation method are entirely exact, so that some 
adjustments of these flow rates must be made in the field until the 
best possible performance is obtained from the equipment. In 
modern large or especially sensitive operations, the fine tuning is 
done by computer. 

For the lower section of the fractionator, the cases of Figure 3.14 


show the heat input to be regulated in these five different ways: 


1. On flow control of the heat transfer medium (HTM), 

2. On temperature control of the vapor leaving the reboiler or at 
some point in the tower, 

3. On differential pressure between key points in the tower, 

4. On liquid level in the bottom section, 

5. On control of composition or some physical property of the 
bottom product. 


Although only one of these methods can be shown clearly on a 
particular sketch, others often are usable in combination with the 
other controls that are necessary for completeness. In some cases 
the HTM shown is condensing vapor and in other cases it is hot oil, 
but the particular flowsketches are not necessarily restricted to one 
or the other HTM. The sketches are shown with and without pumps 
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Figure 3.14. The lower ends of fractionators. (a) Kettle reboiler. The heat source may be on TC of either of tbe two locations shown or on 
flow control, or on difference of pressure between key locations in the tower. Because of the built-in weir, no LC is needed. Less head room 
is needed than with the thermosiphon reboiler. (b) Thermosiphon reboiler. Compared with the kettle, the heat transfer coefficient is greater, 
the shorter residence time may prevent overheating of thermally sensitíve materials, surface fouling will be less, and the smaller holdup of hot 
liquid is a safety precaution. (c) Forced circulation reboiler. High rate of heat transfer and a short residence time which is desirable with 
thermally sensitive materials are achieved. (d) Rate of supply of heat transfer medium is controlled by the difference in pressure between two 
key locations in the tower. (e) With the control valve in the condensate line, the rate of heat transfer is controlled by the amount of 
unflooded heat transfer surface present at any time. (f) Withdrawal on TC ensures that the product has the correct boiling point and 
presumably the correct composition. The LC on the steam supply ensures that the specified heat input is being maintained. (g) Cascade 
control: The set point of the FC on the steam supply is adjusted by the TC to ensure constant temperature in the column. (h) Steam flow rate 
is controlled to ensure specified composition of the PF effluent. The composition may be measured directly or indirectly by measurement of 
some physical property such as vapor pressure. (i) The three-way valve in the hot oil heating supply prevents buildup of excessive pressure in 
case the flow to the reboiier is throttled substantially. (j) The three-way valve of case (i) is replaced by a two-way valve and a differential 
pressure controller. This method is more expensive but avoids use of the possibly troublesome three-way valve. 
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(i) HOT OIL 


Figure 3.14—(continued) 


for withdrawal of bottom product. When the tower pressure is 
sufficient for transfer of the product to the following equipment, a 
pump is not needed. 

Upper section control methods are shown on Figure 3.15. They 
all incorporate control of the pressure on the tower, either by 
throttling some vapor flow rate or by controlling a rate of 
condensation. In the latter case this can be done by regulating the 
flow or temperature of the HTM or by regulating the amount of 
heat transfer surface exposed to contact with condensing vapor. 

Flow control of reflux is most common. It is desirable in at least 
these situations: 


1. When the temperature on a possible control tray is insensitive to 
the composition, which is particularly the case when high purity 
overhead is being made, 

2. When the expense of composition control is not justifiable, 

3. When noncondensables are present, 

4. With tall and wide columns that have large holdup and 

consequently large lags in interchange of heat and mass between 

phases, 

When the process coupling of the top and bottom temperature 

controllers makes their individual adjustments difficult, 

When the critical product is at the bottom. 


м 


6 


In all these cases the reflux rate is simply set at a safe value, enough 
to nullify the effects of any possible perturbations in operation. 
There rarely is any harm in obtaining greater purity than actually is 
necessary. The cases that are not on direct control of reflux flow 
rate are: (g) is on cascade temperature (or composition) and flow 
control, (h) is on differential temperature control, and (i) is on 
temperature control of the HTM flow rate. 


(i) HOT OIL 


LIQUID-LIQUID EXTRACTION TOWERS 


The internals of extraction towers can be packing, sieve trays, 
empty with spray feeds or rotating disks. The same kinds of controls 
are suitable in all cases, and consist basically of level and flow 
controls. Figure 3.16 shows some variations of such arrangements. 
If the solvent is lighter than the material being extracted, the two 
inputs indicated are of course interchanged. Both inputs are on flow 
control. The light phase is removed from the tower on LC or at the 
top or on level maintained with an internal weir. The bottom stream 
is removed on interfacial level control (ILC). A common type of 
this kind of control employs a hollow float that is weighted to havc a 
density intermediate between those of the two phases. Ав indicated 
by Figures 3.16(a) and 3.16(d), the interface can be maintained in 
either the upper or lower sections of the tower. Some extractions 
are performed with two solvents that are fed separately to the 
tower, ordinarily on separate flow controls that may be, howcver, 
linked by flow ratio control. The relative elevations of feed and 
solvents input nozzles depend on the nature of the extraction 
process. 

Controls other than those of flow and level also may be needed 
in some cases, of which examples are on Figure 3.17. The scheme of 
part (a) maintains the flow rate of solvent in constant ratio with the 
main feed stream, whatever the reasons for variation in flow rate of 
the latter stream. When there are fluctuations in the composition of 
the feed, it may be essential to adjust the flow rate of the solvent 
to maintain constancy of some property of one or the other of 
the effluent streams. Figure 3.17(b) shows reset of the solvent 
flow rate by the composition of the raffinate. The temperature 
of an extraction process ordinarily is controlled by regulating 
the temperatures of the feed streams. Figure 3.17(c) shows the 


temperature of one of the streams to be controlled by TC-2 acting 
on the flow rate of the HTM, with reset by Ше temperature of a 
control point in the tower acting through TC-1. When the effluents 
are unusually sensitive to variation of input conditions, it may be 
inadvisable to wait for feedback from an upset of output 
performance, but to institute feedforward control instead. Їп this 





(с) 


3.8. EQUIPMENT CONTROL 51 


kind of system, the input conditions are noted, and calculations are 
made and implemented by on-line computer of other changes that 
are needed in order to maintain satisfactory operation. 
Mixer-settler assemblies for extraction purposes often are 
preferable to differential contact towers in order to obtain very high 
extraction yields or to handle large fiow rates or when phase 





(d) 


Figure 3.15. Control modes for the upper sections of fractionators. (a) Pressure control by throttling of the overhead vapor flow. The 
drawbacks of this method are the cost of the large control valve and the fact that the reflux pump operates with a variable suction head. The 
"low of НТМ is запа set. (b) Applicable when the overhead product is taken off as vapor and only the reflux portion need be condensed. 
Two two-way valves can replace the single three-way valve. The flow of HTM is hand set. (c) Flow rate of the HTM is regulated to keep the 
pressure constant. One precaution is to make sure that фе HTM, for example water, does not overheat and cause scaling. The HTM flow 
control valve is small compared with the vapor valve of case (а). (d) Pressure control is maintained by throttling uncondensed vapors. Clearly 
only systems with uncondensables can be handled this way. The flow of the HTM is manually set. (e) Bypass of vapor to the drum on PC: 
The bypassed vapor heats up the liquid there, thereby causing the pressure to rise. When the bypass is closed, the pressure falls. Sufficient 
heat transfer surface is provided to subcool the condensate, (f) Vapor bypass between the condenser and the accumulator, with the condenser 
near ground level for the ease of maintenance: When the pressure in the tower falls, the bypass valve opens, and the subcooled liquid in the 
drum heats up and is forced by its vapor pressure back into the condenser. Because of the smaller surface now exposed to the vapor, the rate 
of condensation is decreased and consequently the tower pressure increases to the preset value. With normal subcooling, obtained with some 
excess surface, a difference of 10-15 ft in levels of drum and condenser is sufficient for good control. (g) Cascade control: The same system as 
case (a), but with addition of a TC (or composition controller) that resets the reflux flow rate. (h) Reflux rate on a differential temperature 
controller. Ensures constant internal reflux rate even when the performance of the condenser fluctuates. (i) Reflux is provided by a separate 
partial condenser on TC. It may be mounted on top of the column as shown or inside the column or installed with its own accumulator and 
reflux pump in the usual way. The overhead product is handled by an after condenser which can be operated with refrigerant if required to 
handle low boiiing components. 
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Figure 3.15—(continued) 
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Figure 3.16. Extraction tower control. (a) Operation with heavy solvent, interface in the upper section, top 
liquid level on LC. (b) Same as part (a) but with overflow weir for the light phase. (c) Same as part (a) but with 
completely full tower and light phase out at the top. (d) Operation with interface on ILC in the lower section, 
removal of the light phase from the upper section by any of the methods of (a), (b), or (c). 


separation is slow and much time is needed. Often, also, relatively 
simple equipment is adequate for small capacities and easy 
separations. Several designs of varying degrees of sophistication are 
available commercially, some of which are described by Lo, Baird, 
Hanson (Handbook of Solvent Extraction, Wiley, New York, 1983). 
The basic concept, however, is illustrated on Figure 3.18. The 
solvent and feed are thoroughly mixed in one chamber and overflow 
into another, partitioned chamber where separation into light and 
heavy phases occurs by gravity. Ordinarily the settling chamber is 
much the larger. The heavy phase is removed on interfacial level 
control and the light one on level control. The takeoffs also can be 
controlled with internal weirs or manually. 

Several centrifugai contactors of proprietary nature are on the 
market. Theiz controls are invariably built in. 


CHEMICAL REACTORS 


The progress of a given reaction depends on the temperature, 
pressure, flow rates, and residence times. Usually these variables 
are controlled directly, but since the major feature of a chemical 
reaction is composition change, the analysis of composition and the 
resetting of the other variables by its means is an often used means 
of control. The possible occurrence of multiple steady states and the 
onset cf instabilities also are factors in deciding on the nature and 
precision of a control system. 

Because of the sensitivity of reaction rates to temperature, 


control of that variable often dominates the design of a reactor so 
that it becomes rather a heat exchanger in which a reaction occurs 
almost incidentally. Accordingly, besides the examples of reactor 
controls of this section, those of heat exchangers in that section may 
be consulted profitably. Heat transfer and holding time may be 
provided in separate equipment, but the complete assembly is 
properly regarded as a reactor. An extreme example, perhaps, is 
the two-stage heater-reactor system of Figure 3.19(f); three or more 
such stages are used for endothermic catalytic reforming of 
naphthas, and similar arrangements exist with intercoolers for 
exothermic processes. 

Although the bulk of chemical manufacture is done on a 
continuous basis, there are sectors of the industry in which batch 
reactors are essential, notably for fermentations and polymeriza- 
tions. Such plants may employ as many as 100 batch reactors. The 
basic processing steps include the charging of severai streams, 
bringing up to reaction temperature, the reaction proper, 
maintenance of reaction temperature, discharge of the product, and 
preparation for the next batch. Moreover, the quality of the product 
depends on the accuracy of the timing and the closeness of the 
control. 

Small installations are operated adequately and economically 
by human control, but the opening and closing of many valves and 
the setting of conditions at precise times clearly call for computer 
control of multiple batch installations. Computers actually have 
taken over in modern synthetic rubber and other polymerization 
industries. Interested readers will find a description, complete with 
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Figure 3.17. Some other controls on extraction towers. (a) Solvent 
flow rate maintained in constant ratio with the feed rate. (b) Solvent 
flow rate reset by controlled composition of raffinate. (c) 
Temperature of solvent or feed reset by the temperature at a 
control point in the tower. 


logic diagrams for normal and emergency operations, of the tasks 
involved in generating a computer system for a group of batch 
reactors in the book of Liptak (1973, pp. 536—565). Control of 
discontinuous processes in general is treated in the book of Skrokov 
(1980, pp. 128-163). 

In the present discussion, emphasis will be placed on the 
control of continuous reactors, concentrating on the several 
examples of Figure 3.19 in the order of the letter designations of 
individual figures used therc. 


(a) Stirred tanks are used either as batch or continuous flow 
reactors. Heat transfer may be provided with an external heat 
exchanger, as shown on this figure, or through internal surface 
or à jacket. Alternate modes of control may be used with the 
controls shown: (i) When the HTM is on temperature control, 
the pumparound will be on flow control; (ii) when the 
pumparound is on temperature control, the HTM will be on 
flow control; (Ш) for continuous overflow of product, the 
control point for temperature may be on that line or in the 
vessel; (iv) for batch operation, the control point for 
temperature clearly must be in the vessel. Although level 
control is shown to be maintained with an internal weir, the 
product can be taken off with the pump on level control. 

(b) This shows either direct or cascade control of the temperature 
of a reactor with internal heat transfer surface and an internal 
weir. The sluggishly responding temperature of the vessel is 
used to reset the temperature controller of the HTM. For direct 
control, the ТС-2 is omitted and the control point сап be on the 
HTM outlet or the product line or in the vessel. 

(c) Quite a uniform temperature can be maintained in a reactor if 
the contents are boiling. The sketch shows temperature 
maintenance by refluxing evolved vapors. À drum is shown 
from which uncondensed gases are drawn off on pressure 
control, but the construction of the condenser may permit these 
gases to be drawn off directly, thus eliminating need for the 
drum. The HTM of the condenser is on TC which resets the 
PC if necessary in order to maintain the correct boiling 
temperature in the reactor. Other modes of pressure control 
are shown with the fractionator sketches of Figure 3.15 and on 
Figure 3.5 dealing with vacuum control. 

(d) Flow reactors without mechanical agitation are of many 
configurations, tanks or tubes, empty or containing fixed beds 
of particles or moving particles. When the thermal effects of 
reaction are substantial, multiple small tubes in parallel are 
used to provide adequate heat transfer surface. The sketch 
shows a single tube provided with a jacket for heat transfer. 
Feed to the reactor is on flow control, the effluent on pressure 
control, and the flow of the HTM on temperature control of the 
effluent with the possibility of reset by the composition of the 
effluent. 

(e) Heat transfer to high temperature reactions, above 300°С or so, 
may be accomplished by direct contact with combustion gases. 
The reaction tubes are in the combustion zone but safely away 
from contact with the flame. The control mode is essentially 
similar to that for case (d), except that fuel-air mixture takes 
the place of the HTM. The supply of fuel is on either 
temperature or composition control off the effluent stream, and 
the air is maintained in constant ratio with the fuel with the 
flow ratio controller FRC. 

(f) High temperature endothermic processes may need several 
reaction vessels with intermediate heat input. For example, the 
inlet temperature to each stage of a catalytic reformer is about 
975°F and the temperature drop ranges from about 100°F in the 
first stage to about 15°F in the last one. In the two-stage 
assembly of this figure, the input is on FC, the outlet of the last 
reactor on PC, and the fuel supply to each furnace is on TC of 
its effluent, with the air supply on flow ratio control, as shown 
for example (e). 

(g) Very effective heat transfer is accomplished by mixing of 
streams at different temperatures. The cumene process shown 
here employs injection of cold reacting mixture and cold inert 
propane and water to prevent temperature escalation; by this 
scheme, the inlet and outlet temperature are made essentially 
the same, about 500°F. Although not shown here, the main 
feed is, as usual for reactors, on FC and the outlet on PC. The 
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Figure 3.18. Functioning and controls of a mixer-settler assembly for liquid-liquid extraction. 


sidestreams are regulated with hand-set valves by experienced 
operators in this particular plant, but they could be put on 
automatic control if necessary. Other processes that employ 
injection of cold process gas at intermediate points are some 
cases of ammonia synthesis and sulfur dioxide oxidation. 

(h) In catalytic cracking of petroleum fractions, an influential side 
reaction is the formation of carbon which deposits on the 
catalyst and deactivates it. Unacceptable deactivation occurs in 
about 10 min, so that in practice continuous reactivation of a 
portion of the catalyst in process must be performed. As shown 
on this sketch, spent catalyst is transferred from the reactor to 
the regenerator on level control, and returns after regeneration 
under TC off the reactor temperature. Level in the regenerator 
is maintained with an overflow standpipe. Smooth transfer of 
catalyst between vessels is assisted by the differential pressure 
control DPC, but in some plants transfer is improved by 
injection of steam at high velocity into the lines as shown on 
this sketch for the input of charge to the reactor. Feed to the 
system as a whole is on flow control. Process effluent from the 
reactor is on pressure control, and of the regenerator gases on 
the DPC. Fuel to regeneration air preheater is on TC off the 
preheat air and the combustion air is on flow ratio control as in 


part (e). 


LIQUID PUMPS 


Process pumps are three types: centrifugal, rotary positive 
displacement, and reciprocating. The outputs of all of them аге 
controliable by regulation of the speed of the driver. 


Controllability of centrifugal pumps depends on their pressure- 
flow characteristics, of which Figure 3.20 has two examples. 
With the upper curve, two flow rates are possible above a head 
of about 65ft so that the flow is not reliably controllable above 
this pressure. The pump with the lower curve is stable at all 
pressures within its range. Throttling of the discharge is the usual 
control method for smaller centrifugals, variable speed drives for 
larger ones. Suction throttling may induce flashing and vapor 
binding of the pump. Figures 3.21(a) and (b) are examples. 

Rotary pumps deliver a nearly constant flow at a given speed, 
regardless of the pressure. Bypass control is the usual method, with 
speed control in larger sizes. Reciprocating pumps also may be 
controlled on bypass if a pulsation damper is provided in the circuit 
to smooth out pressure fluctuations; Figure 3.21(c) shows this 
mode. 

Reciprocating positive displacement pumps may have adjust- 
ment of the length or frequency of the stroke as anotber control 
feature. These may be solenoid or pneumatic devices that can be 
operated off a flow controller, as shown on Figure 3.21(d). 


SOLIDS FEEDERS 


Several of the more common methods of controlling the rate of 
supply of granular, free-flowing solids are represented in Figure 3.7. 


COMPRESSORS 


Three main classes of gas compressors are centrifugal and axial, 
rotary continuous positive displacement, and reciprocating positive 
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Figure 3.19. Chemical reactor control examples. (a) Temperature control of a stirred tank reactor with pumparound through an external heat 
exchanger, operable cither in batch or continuously: Some alternate control modes are discussed in the text. Cascade control as in (b) can be 
implemented with external heat transfer surface. (b) Either cascade or direct control of temperature: For direct control, controller TC-2 is 
omitted, and the control point can Бе taken on the effluent line or in the vessel or on the HTM effluent line. А similar scheme is feasible with 
an external heat exchanger. (c) Reactor temperature control by regulation of the boiling pressure: The HTM is on TC off the reactor and 
resets the PC on the vent gases when necessary to maintain the correct boiling temperature. Although shown for batch operation, the method 
is entirely feasible for continuous flow. (d) Basic controls on a flow reactor: Feed on flow control, effluent on pressure control, and heat 
transfer medium flow rate on process effluent temperature or reset by its composition. (e) A fired heater as a tubular flow reactor: Feed is on 
FC, the product is on PC, the fuel is on TC or AC off the product, and the air ís on flow ratio control. (f) A two-stage fired heater-reactor 
assembly: Details of the fuel-air supply control are in (e). (g) Control of the temperature of the exothermic synthesis of cumene by splitting 
the feed and by injection of cold propane and water into several zones. The water also serves to maintain activity of the phosphoric acid 
catalyst. (h) The main controls of a fluidized bed reactor-regenerator: Flow of spent catalyst is on level control, and that of regenerated 


catalyst is on TC off the reactor; these flows are assisted by maintenance of a differential pressure between the vessels. Details of the fuel-air 
control for the prcheater are in (e). 
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Figure 3.19—(continued) 
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Figure 3.19—(continued) 





Peaked 


Normal 


Head, ft. 





{op oj ij of py oj | I 
60 


Flow Rate, арт 





120 


Figure 3.20. Characteristics curves of two centrifugal pumps. 


displacement. The usual or feasible modes of control of pressure 
and flow may be tabulated: 


Control Mode Centrifugal Rotary Reciprocating 


and Axial PD PD 


Suction throttling 
Discharge throttling 
Bypass 

Speed 

Guide vanes 
Suction valves 
Cylinder clearance 


хх ххх 


Controlled Temperature 


(a) 


(b) 


Figure 3.21. Control of centrifugal, rotary, and reciprocating 
pumps. (a) Throttling of the discharge of a centrifugal pump. (b) 
Control of the flow rate of any kind of pump by regulation of the 
speed of the driver. Although a turbine is shown, engine drive ог 
speed control with gears, magnetic clutch, or hydraulic coupling 
may be feasible. (c) On the left, bypass control of rotary positive 
displacement pump; on the right, the reciprocating pump circuit has 
a pulsation dampener to smooth out pressure fluctuations. (d) 
Adjustment of the length or frequency of the stroke of a constant 
speed reciprocating pump with a servomechanism which is a feed- 
back method whose action is control of mechanical position. 


(с) 


5С 


(а) 
Figure 3.21—(continued) 


Throttling of the suction of centrifugal and axial compressors 
wastes less power than throttling the discharge. Even less power is 
wasted by adjustment of builtin inlet guide vanes with a 
servomechanism which is a feedback control system in which the 
controlied variable is mechanical position. Speed control is a 
particularly effective control mode, applicable to large units that can 
utilize turbine or internal combustion drives; control is by throttling 
of the supply of motive fluids, steam or fuel. 

Characteristic curves—pressure against flowrate—of centrifugal 
and axial compressors usually have a peak. Figure 3.22 is an 
example. In order to avoid surging, the flow through the com- 
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Figure 3.22. Characteristic curves of a centrifugal compressor at 
different speeds, showing surge limits. 
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pressor must be maintained above the magnitude at the peak in 
pressure. Figure 3.23(c) shows an automatic bypass for surge 
protection which opens when the principal flow falls to the critical 
minimum; recycle brings the total flow above the critical. 

Smaller rotary positive displacement compressors are con- 
trolled with external bypass. Such equipment usually has a built-in 
relief valve that opens at a pressure short of damaging the 
equipment, but the external bypass still is necessary for smooth 
control. Large units may be equipped with turbine or gas engine 
drives which are speed adjustable. Variable speed gear boxes or 
belt drives are not satisfactory. Variable speed dc motors also are 
not useful as compressor drives. Magnetic clutches and hydraulic 
couplings are used. 

Reciprocating compressors may be controlled in the same way 
as rotary units. The normal turndown with gasoline or diesel 
engines is 50% of maximum in order that torque remains within 
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Figure 3.23. Control of centrifugal compressors with turbine or 
motor drives. (a) Pressure control with turbine or motor drives. (b) 
Flow control with turbine or motor drives. SC is a servomechanism 
that adjusts the guide vanes in the suction of the compressor. (c) 
Surge and pressure control with either turbine or motor drive. The 
bypass valve opens only when the flow reaches the minimum 
calculated for surge protection. 
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Figure 3.24. Control of positive displacement compressors, rotary and reciprocating. (a) Flow control with variable speed drives. (b) Pressure 
control with bypass to the suction of the compressor. (c) Reciprocating compressor. SC is a servomechanism that opens some of suction 
valves during discharge, thus permitting stepwise internal bypass. The clearance unloader is controllable similarly. These built-in devices may 
be supplemented with external bypass to smooth out pressure fluctuations. 


acceptable limits. Two other aids are available to control of recip- 
rocating units. 


1. Valve unloading, a process whereby some of the suction valves 
remain open during discharge. Solenoid or pneumatic unloaders 
can be operated from the output of a control instrument. The 
stepwise controlled flow rate may need to be supplemented with 
controlled external bypass to smooth out pressure fluctuations. 

2. Clearance unloaders are small pockets into which the gas is 
forced on the compression stroke and expands into the cylinder 
on the return stroke, thus preventing compression of additional 
gas. 


Figure 3.24 shows control schemes for rotary and reciprocating 
compressors. Vacuum pumps are compressors operating between a 
low suction pressure and a fixed discharge pressure, usually 
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DRIVERS FOR MOVING EQUIPMENT 


owered chemical processing equipment includes 
pumps, compressors, agitators and mixers, crushers 
and grinders, and conveyors. Drivers are electric 
motors, steam or gas turbines, and internal 
combustion engines. For loads under 150 HP or so electric 
motors are almost invariably the choice. Several criteria are 
applicable. For example, when a pump and a spare are 
provided, for flexibility one of them may be driven by motor 
and the other by turbine. Centrifugal and axial blowers and 
compressors are advantageously driven by turbines because 
the high operating speeds of 4000—10,000 rpm are readily 
attainable whereas electric motors must operate through a 
Speed increasing gear at extra expense. When fuel is 
relatively cheap or accessibie, as in the field, gas turbines and 
internal combustion engines are preferred drivers. Turbines, 





4.1. MOTORS 


Although each has several subclasses, the three main classes of 
motors are induction, synchronous, and direct current. Higher 
voltages are more efficient, but only in the larger sizes is the housing 
ample enough to accomodate the extra insulation that is necessary. 
The voltages commonly used are 


Horsepower Voltage 
4-100 220, 440, 550 
75-250 440 
200-2500 2300, 4000 
Above 2500 4000, 13,200 


Direct current voltages are 115, 230, and 600. 

The torque-speed characteristic of the motor must be matched 
against that of the equipment, for instance, a pump. As the pump 
comes up to speed, the torque exerted by the driver always should 
remain 5% or so above that demanded by the pump. 

The main characteristics of the three types of motors that bear 
on their process applicability are summarized following. 


INDUCTION 


Induction motors are the most frequent in use because of their 
simple and rugged construction, and simple installation and control. 
They are constant speed devices available as 3600 (two-pole), 1800, 
1200, and 900 rpm (eight-pole). Two speed models with special 
windings with 2:1 speed ratios are sometimes used with agitators, 
centrifugal pumps and compressors and fans for air coolers and 
cooling towers. Capacities up to 20,000 HP are made. With speed 


internal combustion engines, and direct current motors are 
capable of continuous speed adjustment over a wide range. 
Energy efficiencies vary widely with the size and type of 
driver as shown in this table. 





Efficiency (%) 
Driver ТОКАМ 100kW  1000kW  10,000kW 
Gas turbine and internal 28 34 38 
combustion engine 
Steam turbine 42 63 78 
Motor 85 92 96 97 


Since the unit energy costs are correspondingly different, the 
economics of the several drive modes often are more nearly 
comparable. 





increasing gears, the basic 1800 rpm model is the economical choice 
as drive for centrifugal compressors at high speeds. 


SYNCHRONOUS 


Synchronous motors are made in speeds from 1800 (two-pole) to 
150 rpm (48-pole). They operate at constant speed without slip, an 
important characteristic in some applications. Their efficiencies are 
1-2.5% higher than that of induction motors, the higher value at 
the lower speeds. They are the obvious choice to drive large low 
speed reciprocating compressors requiring speeds below 600 rpm. 
They are not suitable when severe fluctuations in torque are 
encountered. Direct current excitation must be provided, and the 
costs of control equipment are higher than for the induction types. 
Consequently, synchronous motors are not used under 50 HP or so. 


DIRECT CURRENT 


Direct current motors are used for continuous operation at constant 
load when fine speed adjustment and high starting torque are 
needed. À wide range of specd control is possible. They have some 
process applications with centrifugal and plunger pumps, conveyors, 
hoists, etc. 


Enclosures. In chemical plants and refineries, motors may need 
to be resistant to the weather or to corrosive and hazardous 
locations. The kind of housing that must be provided in particular 
situations is laid out in detail in the National Electrical Code, 
Article 500. Some of the classes of protection recognized there are 
in this table of differential costs. 


% Cost above 


Type Drip Proof Protection Against 

Drip proof Dripping liquids and falling particles 
Weather protected, І and Il 10-50 Rain, dirt, snow 
Totally enclosed fan cooled, TEFC, 25—100 Explosive and nonexplosive 

below 250 HP atmospheres 
Totally enclosed, water cooled, above 25—100 Same as TEFC 

500 HP 
Explosion proof, below 3000 HP 110—140 Flammable and volatile liquids 
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TABLE 4.1. Selection of Motors for Process Equipment 


Motor Туре 

Application А.С. D.C. 
Agitator 1a, 1b, 2b ba 
Ball mill 1c, 2b, 3a 5b 
Blower 1a, 1b, 2b, 3a, 4 Ба 
Compressor Та, 1b, 1c, 3a, 4 5р,7 
Conveyor 1a, 1с, 2b, За 5b,7 
Crusher 1a, 1c, 1d 5a, 5b 
Dough mixer 1a, 1b, 1c, 2b Ба, Біз 
Fan, centrifugal and propeller 1а, 1b, 2c, За, 4 5a,7 
Hammer mill 1с Ба 
Hoist 1d, 2a, 3b 6 
Pulverizer 1c 5b 
Pump, centrifugal 1a, 1b, 2b, За, 4 5b 
Pump, positive displacement 1c, 2b, 3a 5b 
Rock crusher 3a 5b, 6 


8 Code: 
1. Squirrel-cage, constant speed 
a. normal torque, normal starting current 
b. normal torque, low starting current 
с. high torque, low starting current 
d. high torque, high slip 
2. Squirrel-cage, multispeed 
a. constant horsepower 
b. constant torque 
c. variable torque 
3. Wound rotor 
а. general purpose 
b. crane and hoist 
4. Synchronous 
5. Direct current, constant speed 
a. shunt wound 
b. compound wound 
6. Direct current, variable speed series wound 
7. Direct current, adjustable speed 
(After Allis-Chalmers Mfg. Co., Motor and Generator Reference 
Book, Colorado Springs, СО). 
Standard NEMA ratings for induction motors: 
General purpose: 3, 3, 1, 12, 2, 3, 5, 71, 10, 15, 20, 25, 30, 40, 50, 60, 
75, 100, 125, 150, 200, 250, 300, 350, 400, 450, 500. 
Large motors: 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 
1250, 1500, 1750, 2000, 2250, 2500, 3000, 3500, 4000, 4500, 5000 and up 
to 30,000. 


Clearly the cost increments beyond the basic drip-proof motor 
enclosures are severe, and may need to be balanced in large sizes 
against the cost of isolating the equipment in pressurized buildings 
away from the hazardous locations. 


Applications. The kinds of motors that are being used 
successfully with particular kinds of chemical process equipment are 
identified in Table 4.1. As many as five kinds of AC motors are 
shown in some instances. The choice may be influenced by 
economic considerations or local experience or personal preference. 
In this area, the process engineer is well advised to enlist help from 
electrical experts. A checklist of basic data that a supplier of a 
motor must know is in Table 4.2. The kind of enclosure may be 
specified on the last line, operating conditions. 


4.2. STEAM TURBINES AND GAS EXPANDERS 


Turbines utilize the expansion of steam or a gas to deliver power to 
a rotating shaft. Salient features of such equipment are 


1. high speed rotation, 
2. adjustable speed operation, 
3. nonsparking and consequently nonhazardous operation, 


TABLE 4.2. Checklist for Selection of Motors 


Motor Data 

General 
Type of motor (cage, wound-rotor, synchronous, or dc)..... ... 
Quantity........ Hp........ Rpm......... Phase........ . 
Сусіев........ Voltage...... .. 
Time rating (continuous, short-time, intermittent)............ 
Overload (if any) ..... .% for ...... Service factor ...... 96 
Ambient temperature. ......... C Temperature гіѕе.......... с 
Class of insulation: Armature... Field... Rotor of w-r motor... 
Horizontal or vertical............ Plugging duty............ 
Full- or reduced-voltage or part-winding starting (ac)........ 

If reduced voltage—by autotransformer or reactor.......... 
Locked-rotor starting current limitations. ..... ............. .. 
Special <ҺагасегізГсв..................................... 


Induction Motors 


Locked-rotor torque. ........ % Breakdown torque........ . 96 
or for general.purpose cage motor: NEMA Design (A, B, C, D) 


Synchronous Motors 


Power factor...... Torques: Locked-rotor. .... 96 Pull-in.....95 
Pull-out...... 96 Excitation...... volts dc. Type of exciter...... 
If m-g exciter set, what are motor characteristics?............ 
Motor field rheostat....... . Motor field discharge resistor. ...... 
Direct-current Motors 
Shunt, stabilized shunt, compound, or series wound. ........... . 
Speed range. .... ,.... Non-reversing or reversing... ...- sereoo 
Continuous or tapered-rated............. 2-.4........ OPEP 
Mechanical Features 
Protection or enclosure. ..... 7....... Stator 5ҺҢ............» 
Mechanical Features (cont.) 
Number of bearings........... .. Type of bearings............ 
Shaft extension: Flanged....... Standard or special length..... . 
Press оп half-coupling........ Terminal box........... 2..... 
NEMA С or D flange........ Round-frame or with feet...... .. 
Vertical: External thrust load. . . . .]bs, Туре of thrust bearing. .... 
Base ring type. ....... 2..... . Sole рідгев............ ..... 
Ассевзогіев...................... Bees here nhan 
Load Data 
Type of load. ..... 8484444... ...)...а..  . 44.44...... m 
If compressor drive, give NEMA application number. ........... . 
Direct-connected, geared, chain, V-belt, or flat-belt drive... ....... 
WK? (inertia) for high inertia drives. .... e mnn Ib-ft? 
Starting with full load, or unloaded. ................. T 
If unloaded, by what means?.......... 24......... TT 
For variable-speed or multi-speed drives, is load variable torque, 
constant torque, or constant Һогзеромег?.............. 24.4... 
Operating conditions. ......... eem T" T" 


(By permission, Allis Chalmers Motor and Generator Reference 
Book, Bul. 51R7933, and E.S. Lincoln (Ed.), Electrical Reference Bock, 
Electrical Modernization Bureau, Colorado Springs, CO. 


4. simple controls, 
5. low first cost and maintenance, and 
6. flexibility with regard to inlet and outlet pressures. 


Single stage units аге most commonly used as drivers, but above 
500HP or so multistage units become preferable. Inlet steam 
pressures may be any value up to the critical and with several 
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Average efficiency of multistage turbines (gear loss not included). 


(b) 


Figure 4.1. Efficiencies of (a) single-stage and (b) multistage turbines (Gartmann, De Laval Engineering Handbook, McGraw-Hill, 
New York, 1970, pp. 5.8-5.9, Figs. 5.2 and 5.3). 
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hundred degrees of superheat. In larger sizes turbines may be 
convenient sources of low pressure exhaust steam in the plant. 
From multistage units, steam may be bled at several reduced 
pressures. When the expansion is to subatmospheric conditions, the 
operation is called condensing because the exhaust steam must be 
condensed before removal from the equipment. Although the 
efficiency of condensing turbines is less, there is an overall reduction 
of energy consumption because of the wider expansion range. 

Several parameters affect the efficiency of steam turbines, as 
shown partially on Figure 4.1. Closer examination will need to take 
into account specific mechanical details which usually are left to the 
manufacturer. Geared turbines [the dashed line of Fig. 4.1(b)] have 
higher efficiencies, even with reduction gear losses, because they 
operate with especially high bucket speeds. For example, for a 
service of 500 HP with 300 psig steam, a geared turbine has ап 
efficiency of 49.5% and one with a direct drive at 1800 rpm has ап 
efficiency of 24%. 

The flow rate of steam per unit of power produced is 
represented by 





_—_ 295 _ 
"(Н,-Н)) 
2412 


= КМ 
nH, — Hy) 


m= Ib/HP hr 


with the enthalpies in Btu/lb. The efficiency is 7, off Figure 4.1, for 
example. The enthalpy change is that of an isentropic process. It 
may be calculated with the aid of the steam tables or a Mollier 
diagram for steam. For convenience, however, special tables have 
been derived which give the theoretical steam rates for typical 
combinations of inlet and outlet conditions. Table 4.3 is an 
abbreviated version. 

Example 4.1 illustrates this kind of calculation and compares 
the result with that obtained by taking the steam to behave as an 
ideal gas. For nonideal gases with known PVT equations of state 
and low pressure heat capacities, the method of calculation is the 
same as for compressors which is described in that section of the 
book. 

On a Mollier diagram like that with Example 4.1, it is clear that 
expansion to a low pressure may lead to partial condensation if 
insufficient preheat is supplied to the inlet steam. The final 
condition after application of the efficiency correction is the 
pertinent one, even though the isentropic point may be in the 
two-phase region. Condensation on the blades is harmful to them 
and must be avoided. Similarly, when carbon dioxide is expanded, 
possible formation of solid must be guarded against. 

When gases other than steam are employed as motive fluids, 
the equipment is called a gas expander. The name gas turbine 
usually is restricted to equipment that recovers power from hot 


TABLE 4.3. Theoretical Steam Rates for Typical Steam Conditions (Ib/kWh)? 


Initial pressure. Ib/in? 


150 250 400 600 600 830 850 





900 900 


qse 
gige 





1,200 1,250 1,230 1,450 1,450 L800 2,400 


Initial temp, °F 


365.9 500 650 750 825 825 900 


825 900 825 900 950 825 950 


1000 1000 


Initial superheat, °H 














0 94.0 201.9 261.2. 336.2 297.8 372.8 
Exhaust 
pressure 1,195.5 1,261.8 1,334.9 1,379.6 1,421.4 1,410.6 1,453.5 
inlig abs 
2.0 10.52 9.070 — 7.831 7.083 6.761 6.580 | 6.282 
2.5 10.88 9.343 8.037 7251 6.916 6.723 6.415 
3.0 1120 9,382. 8.217 7.396 7.052) 6.997 6.530 
4.0 11.76 9.999 — 8.324. 7.64 — 7.282 7.058 6726 
Ib/in? gage 
3 21.60 16.57 13.01 11.05 — 10.42 9.838 9,288 
10 23,97 17.90 13.83 11.64 10.95 10,30 9.705 
20 28.63 2044 15.33 12.68 11.290 1110 10.43 
30 33.09 22.95 16.73 13.63 12.75 11.80 — 11.08 
40 39,39 25.52 18.08 14.51 13.54 1246 11.66 
50 46.00 28.21 19.42 15.36 14.30. 13.07 12.22 
60 53.90 3L07 2076 1618 15.05 13.66 12.74 
75 69.4 35.77 22,8] 17.40 1616 1450 13.51 
80 75.9 37.47 23.51 17.80 16.54 1478 13.77 
100 45.21 26.46 19.43 18.05 15.86 14.77 
125 57.88 — 30.39 — 21.56 20.03 17.22 16.04 
150 76.5 35.40 23.83 22.14 18.61 17.33 
160 86.8 37.57 24.79 23.03 19.17 17.85 
175 41.16. 2629 24.43 20.04 18.66 
200 48.24 2900 26.95 21.53 20.05 
250 69.1 35.40 32.80 24.78 23.08 
300 43.72 40.62 28.50 26.53 
400 72.2 67.0 38.05 35.43 
$25 84.2 78.3 41.08 38.26 
600 78.5 73.1 


291.1 


366.1 256.3 326.1 376.1 232.0 3387.0 477.9 337.0 


Initial enthalpy, Bulb 





1,408.4 1,451.6 1,394.7 1,438.4 1,468.1 1,382.7 1,461.2 1,480.1 1,460.4 
6.555 626 645] 6.133 5.94 640R 5.900 5.6686 3.633 
6.6% 638 6.584 6.256 6.061 656 608 5.773 5.733 
6.819 6502 669 6.362 6162 6.6488 6.112 5.862 5.819 
7.026 6.64 6.894 65 6.332. 6.835 6.277 6.013 5.963 
9.755 9.209 9.397 8.820 8.49 9.28 — 8.351 7.874 7.73 
10.202 9617 9.797 910 8.830 9.593 8.673 8.158 7.975 
10.982 10.37 10.49) 9.801 9.415 1020 927 860 8.421 
11.67 19.952 11.095 10.341 9.922 10.801 9.704 9.057 8.799 
12.304 11.52 11.646 10.831. 10.380 11.309 10.134 947 9.136 
12.90 12.06 12.16 |1128: 10.804. 1179 10.531 9.767 — 9.442 
13.47 1257 12.64 1171 11.20 12.22 10.90 10.08 9.727 
14.28 13.30 13,34. 1232 1177 12.85 11.43 10.53 10.12 
14.55 13.55 1336 12.52 11.95 13.05 11.60 19.67 10.25 
15.59 1450 1442 13.27 12.65 13.83 12.24 110.21 10.73 
16.87 13.70 1546 — 14.17 13.51 14.76 13.01 11.84 11.28 
18.18 — 16.91 16.47 15.06 1445 13.65. 13.75 12.44 11.80 
18.71 17.41 16.88 — 15.41 14.69 16.00 14.05 12.68 12.00 
19.52 18.16 1748 1594 1520 16.52 14.49 13.03 12.29 

20.91 19.45 1848 16.84 16.05 17.39 15.23 13.62 12.77 
23,90 2224 2057 18.68 — 17.81 19.11 16.73 14.78 13.69 
27.27 25.37 2279 20.62 19.66 20.89 1828 15.95 14.59 
35.71 33.22 27.82 24.999 21,82 2424 21.64 1839 16.41 
38.33 3565 29024 2621 2498 2578 22.55 19.03 16.87 

68.11 63.4 42.10 37.03 35530 34.30 30.16 2406 20.29 





^From Theoretical Steam Rate Tables—Compatible with the 1967 ASME Steam Tables, ASME, 1969. 


EXAMPLE 4.1 

Steam Requirement of a Turbine Operation 
Steam is fed to a turbine at 614.7 psia and 825°F and is discharged at 
64.7 psia. (a) Find the theoretical steam rate, Ib/kWh, by using the 
steam tables. (b) If the isentropic efficiency is 70%, find the outlet 
temperature. (c) Find the theoretical steam rate if the behavior is 
ideal, with C,/C, = 1.33. 

(a) The expansion is isentropic. The initial and terminal 
conditions are identified in the following table and on the graph. 
The data are read off a large Mollier diagram (Keenan et al., Steam 
Tables, Wiley, New York, 1969). 


Point Р ТЕ H 5 


1 6147 825 1421.4 1.642 
2 647 315 1183.0 1.642 
3 64.7 445 12545 1.730 


Ad, = H, - Н, = —238.4 Btu/lb 


Theoretical steam rate = 3412/238.4 = 14.31 lb/kWh. This value is 
checked exactly with the data of Table 4.3. 


(b) Hy Н, =0.7(H, — H,) = —166.9 Btu/Ib 
Н; = 1421.4 — 166.9 = 1254.5 Btu/Ib 


The corresponding values of Т, and $, are read off the Mollier 
diagram, as tabulated. 
(c) The isentropic relation for ideal gases is 


k - 
АН = 7 RTIQB)y ^ 1] 
- 19870285) [(64.7/614.7)°?> – 1 


= —4396 Btu/Ibmol, – 244 Btu/lb. 
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1255 Ф 


ENTHALPY, BTU/LB 


1183 9 





1.64 1.73 
ENTROPY , BTU/(LB)(F) 





combustion gases. The name turboexpander is applied to machines 
whose objective is to reduce the energy content (and temperature) 
of the stream, as for cryogenic purposes. 

Gas expanders are used to recover energy from high pressure 
process gas streams in a plant when the lower pressure is adequate 
for further processing. Power calculations are made in the same way 
as those for compressors. Usually several hundred horsepower must 
be involved for economic justification of an expander. In smaller 
plants, pressures are simply let down with throttling valves 
(Joule- Thomson) without attempt at recovery of energy. 

The specification sheet of Table 4.4 has room for the process 
conditions and some of the many mechanical details of steam 
turbines. 


4.3. COMBUSTION GAS TURBINES AND ENGINES 


When a low cost fuel is available, internal combustion drivers 
surpass all others in compactness and low cost of installation and 
operation. For example, gas compression on a farge scale has long 
been done with integra! engine compressors. Reciprocating engines 
also are widely used with centrifugal compressors in low pressure 
applications, but speed increasing gears are needed to up the 
300-600 rpm of the engines to the 3000—10,000 rpm or so of the 
compressor. 

Process applications of combustion gas turbines are chiefiy 
to driving pumps and compressors, particularly on gas and oil 


transmission lines where the low thermai efficiency is counter- 
balanced by the convenience and economy of having the fuel on 
hand. Offshore drilling rigs also employ gas turbines. Any hot 
process gas at elevated pressure is a candidate for work recovery in 
a turbine. Offgases of catalytic cracker regenerators, commonly at 
45 psig and as high as 1250°Е, are often charged to turbines for 
partial recovery of their energy contents. Plants for the manufacture 
of nitric acid by oxidation of ammonia at pressures of 100 psig or so 
utilize expanders on the offgases from the absorption towers, and 
the recovered energy is used to compress the process air to the 
reactors. 

Combustion gas turbine processes are diagrammed on Figure 
4.2 and in Example 4.2. In the basic process, a mixture of air and 
fuel (or air alone) is compressed to 5-10 atm, and then ignited and 
burned and finally expanded through a turbine from which power is 
recovered. The process follows essentially a Brayton cycle which is 
shown in Figure 4.2 in idealized forms on TS and PV diagrams. The 
ideal process consists of an isentropic compression, then heating at 
constant pressurc followed by an isentropic expansion and finally 
cooling at the starting pressure. In practice, efficiencies of the 
individual steps are high: 


Compressor isentropic efficiency, 8596 
Expander isentropic efficiency, 85-90% 
Combustion efficiency, 98% 


TABLE 4.4. Data Sheet for General Purpose Steam Turbines, Sheet 1 of 2? 


GENERAL-PURPOSE STEAM TURBINE сочтялстко 
DATA SHEET ITEM мо. 























REV. NO. DATE 

CUSTOMARY UNITS av REVIEWED 
SHEET 1 ОЕ 2 
P.O. NO 









Service Driven Equipment 
Manufacturer Model 











Serial No. 










NOTE: О Indicates Information Completed By Purchaser а) Ву Manufacturer 


CIFERFORMANCE 

8HP RPM Steam Condition Open (3.4.1 4) Lbs/HP - Hr. 
fF e Normal/Normal | 
| Rated/Normal | 
fF y | 
ee 


Rated/Min. Iniet, Мах. Exhaust 


() STEAM CONDITIONS (| CONSTRUCTION 
| 


СООО Е 
[exea erem esi un n | ОИ 













Eval. Steam Cost, $/1000 Lbs О мема "P" Bate 
Payout Period, Years Hrs/Yr Trip Vaive Г] Integral Li Seperate 


interstage Seals CJ Labyrinth ГІ carbon 
End Seats C] Carbon Aing, No/Box 


Г] Exh. Temp. ор Norme! No Load | Lube Он Viscosity (2.10.2) Sus © 10095 SUS à 21096 
0 Potantial Max. Power, BHP Lubrication О Ring Oiled O Pressure 
О Mex. Nozzie Steam Flow, Lbs/Hr О Purge Ой Mist O Pure ОЙ Mist 


EXHAUST 


о Mount Turbine an Basepiate Furnished by Driven Equipment Vendor Max. Allow. Temp, °F | 
О water Piping Furn. Бу О vendor O others Hydro Test Pressure, PSIG | 


О oil Piping Furn. by О vendor © Others MATERIALS 


O SITE AND UTILITY DATA Pom 00 TL] 


Location (2.1.13) О indoor О Hested О Unhested Blading 


Оомәев Ones — O without Root [we SS 


Ambient Teng °F Mm Mix [snes 
Unusual Conditions О Dust O Sait Atmosphere Under Packing Application Method 
| 


О winewzation пешіне [cov vavetim USUS 


Elect. Ares (2.1.12) Clasa Group Div 


(2 Non-hazerdous Governor Type о Месһ. О Hydr. О Oit Relay 





Control Power v Ph. Hz NEMA Class Adj. Speed Range +% -% 
Aux. Motors v Ph. Hz Speed Changer О Menual OPneum. © Etect. 


Flow, GPM АТ, Е ПН 


Allowable Sound Level (2.1.11) dBA 9 ft. Turbine Weight, Lbs 


? Also available in SI units (API Standard 611, January 1982). (Reprinted courtesy of the American Petroleum Instítute.) 
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(a) 
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Exhaust 6 








(b) 


Figure 4.2. Combustion gas turbine arrangements and their thermodynamic diagrams. (a) Basic unit with PV and TS diagrams. (b) Unit with 


an air preheater and TS diagram. 


EXAMPLE 4.2 

Performance of a Combustion Gas Turbine 
Atmospheric air at 80°F (305K) is compressed to 5 atm, combined 
with fuel at the rate of 1 kg/s, then expanded to 1 atm in a power 


5 atm 


Fuel 1.0 kg/s 
1200 K 







Combuster 
517K 








Load 


Air 





51.8 kg/s 


Compressor Expander 


Water 


turbine. Metallurgical considerations limit the temperature to 
1700°F (1200К). The heat capacities of air and combustion products 


are 
C, = 0.95 + 0.000217 (К) kJ/kg, 


the heat of combustion is 42,000 kJ/kg, the furnace efficiency is 
0.975, the isentropic efficiency of the compressor is 0.84, and that of 
the expander is 0.89. Find 


а. the required air rate, 

b. the power loads of the compressor and expander, and 

с. the overall efficiency as a function of the temperature of the 
exhaust leaving a steam generator. 


Point P Т, Т 
1 1 305 
2 5 483 517 
3 5 1200 
4 1 802 846 
5 1 490 
Compression: 
k=1.4, k/(kK-1)=3.5, 





Ty, = Т,(Р,/Р,)+®5 = 305(5)!35 = 483K, 
483 — 305 


708 ^ 517 K. 


Combustion: 


T, =305 + 


m, = flow rate of air, kg/kg fuel 


1200 1200 
0.975(42000) — І C,dT + ni] C,dT 
305 517 
= 991682 + 771985 m; 
m, = 51.8 
Expansion: 


&=1.33, k/(k—1)-24.0 
Ты = T3(P,/ P)? = 1200(0.2)25 = 802°K 
Т, = 1200 — 0.89(1200 — 802) = 846°K 


Power calculations: 
517 
Compressor: и; = -т,АН = —51.8| C,dT 
305 
= —51.8(216.98) = — 11.240 kJ/s 
517 
Expander: wj —52.8| С, dT = 52.8(412.35) = 21,772 КИЗ 


1200 
846 


Steam generator: О’ = 52.8 C, dT 
T 


21772 — 11380 + Q' 


1, = overall efficiency = 42000 


The tabulation shows efficiency with three different values of 
the exhaust temperature. 


T о т. 
846 0 0.247 
600 14311 0.588 
500 19937 0.722 
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Other inefficiencies are due to pressure drops of 2—546, loss of 
1-3% of the enthalpy in the expander, and 1% or so loss of the air 
for cooling the turbine blades. The greatest loss of energy is due to 
the necessarily high temperature of the exhaust gas from the 
turbine, so that the overall efficiency becomes of the order of 20% 
or so. Some improvements are effected with air preheating as on 
Figure 4.2(b) and with waste heat steam generators as in Example 
4.2. In many instances, however, boilers on 1000?F waste gas are 
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TRANSFER OF SOLIDS 


n contrast to fluids which are transferred almost 
exclusively through pipelines with pumps or blowers, a 
greater variety of equipment is employed for moving 
solids to and from storage and between process 


5.1. SLURRY TRANSPORT 


In short process lines slurries are readily handled by centrifugal 
pumps with large clearances. When there is a distribution of sizes, 
the fine particles effectively form a homogeneous mixture of high 
density in which the settling velocities of larger particles are less 
than in clear liquid. Turbulence in the line also helps to keep 
particles in suspension. It is essential, however, to avoid dead 
spaces in which solids could accumulate and also to make provisions 
for periodic cicaning of the line. A coal-oil slurry used as fuel and 
acid waste neutralization with lime slurry are two examples of 
process applications. 

Many of the studies of slurry transfer have been made in 
connection with long distance movement of coal, limestone, ores, 
and others. А few dozen such installations have been made, in 
length from several miles to several hundred miles. 

Coal-water slurry transport has been most thoroughly 
investigated and implemented. One of the earliest lines was 108 
miles long, 10 in. dia, 50-60 wt % solids up to 14 mesh, at velocities 
of 4.5-5.25 ft/sec, with positive displacement pumps at 30-mile 
intervals. The longest line in the United States is 273 miles, 18 in. 
dia and handles 4.8—6.0 million tons/yr of coal; it is described in 
detail by Jacques end Montfort (1977). Other slurry pipeline 
literature is by Wasp, Thompson, and Snoek (1971), Bain апа 
Bonnington (1970), Ewing (1978), and Zandi (1971). 

Principally, investigations have been conducted of suitable 
linear velocities and power requirements. Slurries of 40—50 vol 96 
solids can be handled satisfactorily, with particle sizes less than 
24-48 mesh or so (0.7-0.3 mm). At low line velocities, particles 
settle out and impede the flow of the slurry, and at high velocities 
the frictional drag likewise increases. Ап intermediate condition 
exists at which the pressure drop per unit distance is a minimum. 
The velocity at this condition is called a critical velocity of which 
one correlation is 


и? = 34.6C, Du, Vg(s — 1)/d, (5.1) 


consistent units, 


where 
и. = critical flow velocity, 
и, = terminal settling velocity of the particle, given by Figure 
5.1, 

C, = volume fraction of solids, 

D = pipe diameter, 

d = particle diameter, 

= ratio of densities of solid and liquid, 
g = acceleration of gravity, 32.2 ft/sec”, or consistent units. 


The numerical coefficient is due to Hayden and Stelson (1971). 
Another criterion for selection of a flow rate is based on 

considerations of the extent of sedimentation of particles of various 

sizes under flow conditions. This relation is developed by Wasp, 
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equipment. Most commonly, solids are carried on or pushed 
along by some kind of conveyor. Solids in granular form also 
are transported in pipelines as slurries in inert liquids or as 
suspensions in air or other gases. 


Aude, Seiter, and Thompson (1971), 


+ 


£- exp(—2.55u/ku Vf), (5.2) 
о 
where 
С = concentration of a particular size at a level 92% of the 
vertical diameter, 
Со= concentration at the center of the pipe, assumed to be the 
same as the average in the pipe, 
f ^ Fanning friction factor for pipe flow 





АР /Lu? 
= 0.25 — f= 5.3 
At high Reynolds numbers, for example, Blasius’ equation is 
Ff =0.0791/NR2, М, = 10° (5.4) 


k in Eq. (5.2) is a constant whose value is given in this paper as 
0.35, but the value 0.85 is shown in a computer output in a paper by 
Wasp, Thompson, and Snock (1971, Fig. 9). With the latter value, 
Eq. (5.2) becomes 

C/C = exp( -3.00u,/u Vf). (5.5) 
The latter paper also states that satisfactory flow conditions prevail 


when С/Со2 0.7 for the largest particle size. On this basis, the 
minimum line velocity becomes 


3u, 


ЕР 


ОЖ 8.41u/ Vf, 


(5.6) 


where u, is the settling velocity of the largest particle present. 

As Example 5.1 shows, the velocities predicted by Eqs. (5.1) 
and (5.6) do not agree closely. Possibly an argument in favor of Eq. 
(5.6) is that it is proposed by the organization that designed the 
successful 18 in., 273 mi Black Mesa coal slurry line. 

Pressure drop in flow of aqueous suspensions sometimes has 
been approximated by multiplying the pressure drop of clear liquid 
at the same velocity by the specific gravity of the slurry. This is not 
borne out by experiment, however, and the multiplier has been 
correlated by other relations of which Eq. (5.7) is typical: 


1.3 
АР/АР, = 1 + 69C, [2E] . (5.7) 


wVCp 


This equation is a modification by Hayden and Stelson (1971) of a 
series of earlier ones. The meanings of the symbols are 
C, = volume fraction occupied by the solids in the slurry, 
d = particle diameter, 
D = pipe diameter, 
5 = ratio of specific gravities of solid and liquid. 
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EXAMPLE 5.1 
Conditions of a Coal Slurry Pipeline 
Data of a pulverized coal slurry аге 


C, — 0.4, 
D = 0.333 ft, 
Ү- 0.0045 (Blasius’ eq. at М, = 10°), 
s=1.5. 
Mesh size 24 48 100 Mixture 
а(тт) 0.707 0.297 0.125 0.321 
Weight fraction 0.1 0.8 0.1 1 
u, (ft/sec) 0.164 0.050 0.010 0.0574 


The terminal velocities are read off Figure 5.1, and the values of the 
mixture are weight averages. 
Тһе following results are found with the indicated equations: 




















Item Eq. 24 48 100 Mixture 
и, 51 7.94 5.45 3.02 
и 5.6 20.6 6.27 1.25 
Ув 5.8 1.36 2.89 9.38 3.39 
АР,/АВ, 5.11 1.539 
АР. /АР. 5.13 1.296 
. (5.1): = 34.6(0.4)(0.333)V32.2(0.5 
Eq. (5.1) (0.4)(0.333) ( ЖЕ 
и 
= 323 T- 
тп > 
_ 84ш, _ 
Еа. (5.6): и= 40452 125и» 
| 432. 20.5-1) алт = 0.0704, 
Eq. (58): 6573 3048 ш 
. АР, 0.69 1 92050314: 
Eq. (5.11): AP, |t 0.403 lios 304.8(3.39)? 
= 1.5391, 
‚ АР _ 0.0045(0.333)32.2(0. ay" 
Eq. (5.13): Ap -ieozmoa| (0.0574) 3.39) 


= 1.296. 


With coal of spgr=1.5, a slurry of 40 vol % has а spgr= 1.2. 
Accordingly the rule, AP,/AP, = sp gr, is not confirmed accurately 
by these results. 





The drag coefficient is 
Ср = 1.333gd(s — 1)/u2. (5.8) 


For mixtures, a number of rules has been proposed for evaluating 
the drag coefficient, of which a weighted average seems to be 
favored, 


Усь= > м, УС» (5.9) 


wherc the w; are the weight fractions of particles with diameters d;. 
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Figure 5.1. Settling velocities of spheres as a function of the ratio ot 
densities of the two phases. Stokes law applies at diameters below 
approximately 0.01 cm (based on a chart of Lapple et al., Chemical 
Engineering Handbook, McGraw-Hill, New York, 1984, p. 5.67). 


For particles of one size, Eqs. (5.7) and (5.8) combine to 


AP, AP, =1+ 100C,[(u,D/u*)Vg(s — 1)/d]*3, 


consistent units. (5.10) 


The pressure drop relation at the critical velocity given by Eq. (5.1) 
is found by substitution into Eq. (5.7) with the result 


0.69 

AP,/AP, =1+ cas [(1/u,)Vgd(s — 1)/C5]? (5.11) 
With Eq. (5.10) the result is 

AB, AP, =1+1/С9°. (5.12) 


With the velocity from Eq. (5.6), Eq. (5.7) becomes 


AP,/ AP, =1 + 0.272C, [fgD(s — 1)/u2VC,]"* (5.13) 


io! —_ 


Viscosity, Ра · sec 
©, 


Shear rate, l/sec 
(a) 
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Stress, Pa 





Shear rate, l/sec 
(b) 


Figure 5.2. Non-Newtonian behavior of suspensions: (a) viscosity as a function of shear rate, 0.4 wt % polyacrylamide in water at room 
temperature; (b) shear stress as a function of shear rate for suspensions of TiO, at the indicated vol % in a 47.1 wt % sucrose solution whose 
viscosity is 0.017 Pa sec (Denn, Process Fluid Mechanics, Prentice-Hall, Englewood Cliffs, NJ, 1980). 


and, for one-sized particles, 


AB, AP, = 1+ 0.394C, ((/D/u)) Vg(s — 1)/d]'?. (5.14) 


These several pressure drop relations hardly appear consistent, and 
the numerical resuits of Example 5.1 based on them are only 
roughly in agreement. 

From statements in the literature, it appears that existing slurry 
lines were designed on the basis of some direct pilot plant studies. 

Nonsettling slurries are formed with fine particles or plastics or 
fibers. Although their essentially homogeneous nature would 
appear to make their flow behavior simpler than that of settling 
slurries, they often possess non-Newtonian characteristics which 
complicate their flow patterns. In Newtonian flow, the shear stress 
is proportional to the shear strain, 


stress = u (strain), 


but in other cases the relation between these two quantities is more 
complex. Several classes of non-Newtonian behavior are recognized 
for suspensions. Pseudoplastic or power-law behavior is represented 
by 

stress = k(strain)", n«l, 
where k is called the consistency index. Plastic or Bingham behavior 
is represented by 


stress = К, + n(strain), 


where 7 is calied the plastic viscosity. Data for some suspensions 
are given on Figure 5.2. 

The constants of such equations must be found experimentally 
over a range of conditions for each particular case, and related to 
the friction factor with which pressure drops and power 
requirements сап be evaluated. The topic of nonsettling slurries is 
treated by Bain and Bonnington (1970) and Clift (1980). Friction 
factors of power-law systems are treated by Dodge and Metzner 
(1959) and of fiber suspensions by Bobkowitz and Gauvin (1967). 


5.2. PNEUMATIC CONVEYING 


Granular solids of free-flowing natures may be conveyed through 
ducts in any direction with high velocity air streams. In the normal 
plant, such lines may be several hundred feet long, but dusty 
materials such as fly ash and cement have been moved over a mile 
in this way. Materials that are being air-veyed include chemicals, 
plastic pellets, grains, and powders of all kinds. The transfer of 
catalysts between regenerator and reactor under fiuidized conditions 
is a common operation. Stoess (1983) has a list of recommendations 
for about 150 different materials, of which Table 5.1 15 a selection. 
Basic equipment arrangements are represented іп Figure 5.3. 

The performance of pneumatic conveyors is sensitive to several 
characteristics of the solids, of which the most pertinent ones are 


1. bulk density, as poured and as aerated, 

2. true density, 

3. coefficient of sliding friction (= tangent of the angle of reposc), 
4. particle size distribution, 

5. particle roughness and shape, 

6. moisture content and hygroscopicity, and 

7. characteristics such as friability, abrasiveness, flammability, etc. 


Sulfur, for example, builds up an electrostatic charge and may 
introduce explosive risks. 

In comparison with mechanical conveyors, pneumatic types 
must be designed with greater care. They demand more power 
input per unit weight transferred, but their cost may be less for 
complicated paths, when exposure to the atmosphere is undesirable 
and when operator safety is a problem. Although in the final 
analysis the design and operation of pneumatic conveyors demands 
the attention of experienced engineers, a design for orientation 
purposes can be made by the inexpert on the basis of general 
knowledge and rules of thumb that appear in the literature. Ап 
article by Solt (1980) is devoted entirely to preventive trouble- 
shooting. 

Some basic design features are the avoidance of sharp bends, a 
minimum of line fittings, provision for cleanout, and possibly 
electrical grounding. In many cases equipment suppliers may wish 
to do pilot plant work before making final recommendations. Figure 
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TABLE 5.1. Flow Rates and Power Requirements of Vacuum and Low Pressure Pneumatic Conveying Systems? 


Vacuum System(8-9 psia) 





Conveying Distance 





Wt wf 150 ft 250 ft 400 
per ——— ——— 
Material сай Sat. hp/T Sat. Һр Sat. hp/T Sat. 





Alum 50 36 45 39 50 43 57 47 
Alumina 60 24 40 28 47 34 57 40 
Carbonate, 25-30 3.1 4.2 34 50 39 55 42 
calcium 
Cellulose acetate 22 3.2. 47 35 51 38 57 41 
Clay, air floated 30 33 45 35 50 39 55 42 
Clay, water 40-50 35 50 38 56 42 65 45 
washed 
Clay, spray dried 60 34 47 3.6 52 40 62 44 
Coffee beans 42 12 20 L6 30 21 3.5 24 
Corn, shelled 45 19 25 21 29 24 3.6 28 
Flour, wheat 40 1.5 30 17 33 20 37 25 
Grits, corn 33 17 25 22 30 29 40 35 
Lime, pebble 56 25 38 30 40 34 47 39 
Lime, hydrated 30 21 33 24 39 28 47 34 
Malt 25 18 25 20 28 23 34 28 
Oats 25 23 30 26 35 30 44 34 
Phosphate, 65 3.1 42 3.6 5.0 39 55 42 
trisodium 
Polyethylene 0 12 20 16 30 21 3.5 24 
pellets 
Rubber pellets 9 29 42 35 50 40 60 45 
Salt cake 90 40 65 42 68 46 75 50 
Soda ash, light 35 31 42 3.6 50 39 55 42 
Soft feeds 20-40 30 42 34 45 37 50 42 
Starch, 30 1.7 30 20 34 26 40 34 
pulverized 
Sugar, 50 30 37 3.2 40 34 52 39 
granulated 
Wheat 48 1.9 25 21 29 24 3.6 28 
Wood flour 12-20 2.5 35 28 40 3.4 49 44 


ft 


мз мз СУ 00 м 
С ч см гә 






Low Pressure System(6-12 psig) 









Conveying Distance 
100 ft 250 ft 400 ft 
Sat. ` Sat. hp/T 





Pressure 
Factor 


Velocity Velocity 


hp/T (ft/sec) 














по 40 16 27 20 34 22 38 6 
105 50 11 24 16 34 19 39 © 
110 35 14 25 18 33 20 36 65 
100 30 14 28 17 34 19 36 5 
105 40 15 27 18 33 19 36 5 
TE 45 16 30 19 39 21 44 60 
110 43 15 28 18 37 20 43 55 
75 50 06 12 09 21 11 25 4 
105 50 09 15 LE 22 13 26 5 
90 25 07 18 09 22 11 27 35 
100 35 08 15 13 24 16 29 70 
15 50 13 23 16 28 18 33 70 
9 | 40 06 18 08 22 09 26 40 
100 $0 08 15 11 20 13 25 55 
wo | 50 10 I8 14 26 16 31 5 
no | 45 14 25 18 33 19 36 5 
so | 50 055 12 09 21 11 25 т 
10 

120 50 29 39 35 45 40 51 83 
Ho 50 14 25 18 33 19 36 65 
110 38 13 25 17 31 19 37 7 
90 30 05 17 М 24 15 30 5 
Ho 50 14 22 16 31 17 36 в 
105 50 09 15 11 21 13 26 55 
100 


а HP/ton = (pressure factor)(hp/T)(sat.). The units of sat. are standard сы of air/Ib of solid transferred), and those of hp/T are 


horsepower/(tons/hr of solid transferred). 
(Stoess, 1983). 


5.4 shows a typical pilot plant arrangement. А preliminary design 
procedure is given by Raymus (1984). Many details of design and 
operation are given in books by Stoess (1983) and Kraus (1980) and 
in articles by Gerchow (1980), and Perkins and Wood (1974). Some 
of that information will be restated here. Pressure drop and power 
requirements can be figured largely on the basis of general 
knowledge. 


EQUIPMENT 


The basic equipment consists of a solids feeding device, the transfer 
line proper, a receiver, a solid—air separator, and either a blower at 
the inlet or a vacuum pump at the receiver. Four common kinds of 
arrangements are shown on Figure 5.3. Vacuum systems are 
favored for shorter distances and when conveying from several 
Sources to one destination. Appropriate switching valves make it 
possible to service several sources and destinations with either a 
vacuum or pressure system. Normally the vacuum system is favored 
for single destinations and the pressure for scveral destinations or 
over long distances. Figure 5.3(b) shows a rotary valve feeder and 
Figure 5.3(c) a Venturi feeder which has a particularly gentle action 
suitable for friable materials. Figure 5.3(d) utilizes a fan to suck the 


solids from a source and to deliver them under positive pressure. 
Friable materials also may be handled effectively by the equipment 
of Figure 5.5 in which alternate pulses of granular material and air 
are transported. 

Typical auxiliary equipment is shown on Figure 5.6. The most 
used blower in pneumatic conveying is the rotary positive dis- 
placement type; they can achieve vacua 6-8psi below atmos- 
рһегіс or positive pressures up to 15 psig at efficiencies of about 
6596. Axial positive displacement blowers also are used, as 
well as centrifugals for large capacities. Rotary feeders of many 
proprietary designs are available; Stoess (1983) and Kraus (1980) 
illustrate several types. Receivers may be equipped with fabric 
filters to prevent escape of fine particles; a dacron fabric suitable for 
up to 275°F is popular. Cyclone receivers are used primarily for 
entirely nondusting services or ahead of a filter. А two-stage design 
is shown in Figure 5.6(d). Typical dimensions are cited by Stoess 
(1983), for example: 


line diameter (in.) 3 5 8 
primary diameter (ft) 3.5 45 6.75 
secondary diameter (ft) 275 35 50 
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Figure 5.3. Basic equipment arrangements of pneumatic conveying systems. (a) Vacuum system 
with several sources and one destination, multiple pickup; (b) pressure system with rotary valve 
feeder, one source and several destinations, multiple discharge; (c) pressure system with Venturi 
feed for friable materials; (d) pull-push system in which the fan both picks up the solids and 


delivers them [after F. J. Gerchow, Chem. Eng. (17 Feb. 1975, p. 88)]. 


Piping usually is standard steel, Schedule 40 for 3-7 in. IPS and 
Schedule 30 for 8-12 in. IPS. In order to minimize pressure loss and 
abrasion, bends are made long radius, usually with radii equal to 12 
times the nominal pipe size, with a maximum of 8ft. Special 
reinforcing may be needed for abrasive conditions. 


OPERATING CONDITIONS 


Vacuum systems usually operate with at most a 6 psi differential; at 
lower pressures the carrying power suffers. With rotary air lock 


feeders, positive pressure systems are limited to about 12psig. 
Other feeding arrangements may be made for long distance transfer 
with 90—125 psig air. The dense phase pulse system of Figure 5.4 
may operate at 10-30 psig. 

Linear velocities, carrying capacity as сий of free air per lb of 
solid and power input as HP/tons per hour (tph) are listed in Table 
5.1 as a general guide for a number of substances. These data are 
for 4-, 5-, and 6-in. lines; for 8-in. lines, both Sat. and HP/tph are 
reduced by 15%, and for 10-in. by 25%. Roughly, air velocities in 
low positive pressure systems are 2000 ft/min for light materials, 
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Figure 5.4. Sketch of pilot plant arrangement for testing pneumatic 
conveying under positive pressure (Kraus, Pneumatic Conveying of 
Bulk Materials, McGraw-Hill, New York, 1980). 


3000—4000 ft/min for medium densities such as those of grains, and 
5000 ft/min and above for dense materials such as fly ash and 
cement; all of these velocities are of free air, at atmospheric 
pressure. 

Another set of rules for air velocity as a function of line length 


Material 
inlet 


To receiving hopper 
Air to о 
pressurize vessel 


On/off pulse 
to air knife 


Figure 5.5. Concept of dense phase transfer of friable materials, by 
intermittent injcction of material and air pulses, air pressures 
normally 10-30 psig and up to 90 psig (Sturtevant Engineering Co., 
Boston, MA). 


and bulk density is due to Gerchow (1980) and is 


ft/ min 
Line length 
(fe) ББІБ/сиЯ 55-85 85-115 
200 4000 5000 6000 
500 5000 6000 7000 
1000 6000 7000 8000 


Conveying capacity expressed as vol % of solids in the stream 
usually is well under 5 vol 6. From Table 5.1, for example, it is 
about 1.5% for alumina and 6.0% for polystyrene pellets, figured at 
atmospheric pressure; at 12 psig these percentages will be roughly 
doubled, and at subatmospheric pressures they will be lower. 


POWER CONSUMPTION AND PRESSURE DROP 


The power consumption is made up of the work of compression of 
the air and the frictional losses due to the flows of air and solid 
through the line. The work of compression of air at a flow rate m, 
and Cp/C, = 1.4 is given by 


w, = 3.5(53.3)(7 + 460)m;[(P,/P,)^?5? —1] — (ftlbf/sec) 


(5.15) 


with the flow rate іп lb/sec. 

Frictional losses are evaluated separately for the air and the 
solid. To each of these, contributions are made by the line itself, the 
elbows and other fittings, and the receiving cquipment. It is 
conservative to assume that the linear velocities of the air and solid 
are the same. Since the air flow normally is at a high Reynolds 
number, the friction factor may be taken constant at f, — 0.015. 
Accordingly the frictional power loss of the air is given by 


w; 7 AP mi/p, aene) T2nt4ngk (0.015/D)(L+ > Li) |m 
(ftIbf/sec). (5.16) 


The unity in the bracket accounts for the entrance loss, n, is the 
number of cyclones, n, is the number of filters, L is the line length, 
and L, is the equivalent length of an clbow or fitting. For long 
radius bends one rule is that the equivalent length is 1.6 times the 
actual length of the bend. Another rule is that the long bend radius 
is 12 times the nominal size of the pipe. Accordingly, 
L,-1.6(zR;/2)-2.5R; =2.5D7 ft, with Dj in inches. 
(5.17) 


The value of g is 32.2 ft lb m/(Ibf sec’). 

The work being done on the solid at the rate of m; lb/sec is 
made up of the kinetic gain at the entrance (и), the lift (w,) 
through an elevation Az, friction in the line (w4), and friction in the 
elbow (w;). Accordingly, 


2 
w,= т! (ftlbf/sec). (5.18) 
25 
The lift work is 
w= дә т! = Агт! (ftlbf/sec). (5.19) 


The coefficient of sliding friction f, of the solid equals the tangent of 
the angle of repose. For most substances this angle is 30—45? and 
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Figure 5.6. Components cf pneumatic conveying systems. (a) Rotary positive displacement blower for pressure ог vacuum. (b) А rotary 
airlock feeder for fine materials (Detroit Stoker Со.). (с) А four-compartment receiver-filter (Fuller Co., Bethlehem, РА). (d) A two-stage 
cyclone receiver. (e) The Fuller-Kinyon pump for cement and other fine powders. Powder is fed into the aeration chamber with a screw and 
is fluidized with compressed air (Fuller Co., Bethlehem, PA). 
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the value of f, is 0.58-1.00. The sliding friction in the line is 
ид = т; (ftibf/sec), (5.20) 

where L is the line length. 


Friction in the curved elbows is enhanced because of 
centrifugal force so that 


2 
w= Бер (228), = 0.0488 и?т! (ft lbf/sec). (5.21) 
The total frictional power is 
Wy = Wi + W, + Из + Wa + Ws, (5.22) 
and the total power consumption is 
+ 
= (e+) IHP/(ton/hr)], (5.23) 


” = 5501(1.8т3 
where 7 is the blower efficiency. Pressure drop in the line is 
obtained from the frictional power, the total flow rate, and the 


density of the mixture: 


W, 


= T ; 
АР 144 ж +m) Pm (psi). (5.24) 
Тһе specific air rate, or saturation, is 
saturation = 0.7854(60) D? 
(cuft/min of air)/(Ib/min of solid)], (5.25) 


where the velocity of the air is evaluated at atmospheric pressure. 

Example 5.2 makes the calculations described here for power 
and pressure drop, and compares the result with the guidelines of 
Table 5.1. 


5.3. MECHANICAL CONVEYORS AND ELEVATORS 


Granular solids are transported mechanically by being pushed along 
or dragged along or carried. Movement may be horizontal or 
vertical or both. In the process plant distances may be under a 
hundred feet or several hundred feet. Distances of several miles 
may be covered by belts servicing construction sites or mines or 
power plants. Capacities range up to several hundred tons/hr. 'The 
principal kinds of mechanical conveyors are illustrated in Figures 
5.7-5.13 and will be described. Many construction features of these 
machines are arbitrary. Thus manufacturers’ catalogs are the 
ultimate source of information about suitability for particular 
services, sizes, capacities, power requirements and auxiliaries. 
Much of the equipment has been made in essentially the present 
form for about 100 years by a number of manufacturers so that a 
body of standard practice has developed. 


PROPERTIES OF MATERIALS HANDLED 


The physical properties of granular materials that bear particularly 
on their convcying characteristics include size distribution, true and 
bulk densities, and angle of repose or coefficient of sliding friction, 
but other less precisely measured or described properties are also of 
concern. А list of pertinent properties appears in Table 5.2. The 
elaborate classification given there is applied to about 500 materials 
in the FMC Corporation Catalog 100 (1983, pp. B.27-B.35) but is 
too extensive for reproduction here. For each material the table 
also identifies the most suitable design of screw conveyor of this 


company's manufacture and a factor for determining the power 
requirement. Ап abbreviated table of about 150 substances appears 
in the Chemical Engineers Handbook (1984, p. 7.5). Hudson (1954, 
pp. 6-9), describes the characteristics of about 100 substances in 
relation to their behavior in conveyors. Table 5.3 lists bulk 
densities, angles of respose at rest, and allowable angles of 
inclination which are angles of repose when a conveyor is in motion; 
references to more extensive listings of such data are given in this 
table. 

The angle of repose is a measure of the incline at which 
conveyors such as screws or belts can carry the material. The 
tangent of the angle of repose is the coefficient of sliding friction. 
This property is a factor in the power needed to transfer the 
material by pushing or dragging as in pneumatic, screw, flight, and 
Redler equipment. 

Special provisions need to be made for materials that tend to 
form bridges; Figure 5.13(a) is an example of a method of breaking 
up bridges in a storage bin so as to ensure smooth flow out. 
Materials that tend to pack need to be fluffed up as they are pushed 
along by a screw; adjustable paddles as in Figure 5.7(d) may be 
sufficient. 


SCREW CONVEYORS 


These were invented by Archimedes and assumed essentially their 
present commercial form a hundred years or so ago. Although the 
equipment is simple in concept and relatively inexpensive, a body of 
experience has accumulated whereby the loading, speed, diameter, 
and length can be tailored to the characteristics of the materials to 
be handled. Table 5.4, for example, recognizes four classes of 
materials, ranging from light, freeflowing, and  nonabrasive 
materials such as grains, to those that are abrasive and have poor 
flowability such as bauxite, cinders, and sand. Only a portion of the 
available data are reproduced in this table. 

Lengths of screw conveyors usually are limited to less than 
about 150 ft; when the conveying distance is greater than this, a belt 
or some other kind of machine should be chosen. The limitation of 
length is due to structural strength of the shaft and coupling. It is 
expressed in terms of the maximum torque that is allowable. 
Formulas for torque and power of screw conveyors are given in 
Table 5.4 and are applied to selection of a conveyor in Example 5.3. 

Several designs of screws are shown in Figure 5.7. The basic 
design is one in which the pitch equals the diameter. Closer spacing 
is needed for carrying up steep inclines, and in fact very fine pitch 
Screws operating at the relatively high speeds of 350 rpm are used to 
convey vertically. The capacity of a standard pitch screws drops off 
sharply with the inclination, for example: 


Angle (degrees) «8 20 30 45 
Percent of capacity 100 55 30 0 


Allowable loadings as a percentage of the vertical cross section 
depend on the kind of material being processed; examples are 
shown in Table 5.4. 


BELT CONVEYORS 


These are high capacity, relatively low power units for primarily 
horizontal travel and small inclines. The maximum allowable 
inclination usually is 5—15? less than the angle of repose; it is shown 
as “recommended maximum inclination" in Table 5.3 for some 
substances, and is the effective angle of repose under moving 
conditions. 

The majority of conveyor belts are constructed of fabric, 
rubber, and wire beads similarly to automobile tires, but they are 
made also of wire screen or even shect metal for high temperature 





EXAMPLE 5.2 

Size and Power Requirement of a Pneumatic Transfer Line 
A pneumatic transfer line has 300 ft of straight pipe, two long radius 
elbows, and a lift of 50 ft. A two-stage cyclone is at the receiving 
end. Solid with a density of 125 Ib/cuft is at the rate of 10 tons/hr 
and the free air is at 5000 ft/min. Inlet condition is 27 psia and 
100. Investigate the relation btween line diameter and power 
requirement. 

On a first pass, the effect of pressure loss on the density of the 
air will be neglected. 

Mass flow rate of solid: 


т, = 20,090/3600 = 5.56 Ib/sec. 
Mass flow rate of air: 


m! = 0007 (0.075)? = 4.91 D? Ib/sec. 
60 4 
Density of air: 


«Үр 27. 
= 0). == |= 0. шт. 
Ра-9 ors ( 2.) 0.138 Ib/cuf 


Density of mixture: 





тр + тр, 
(т + 5.56) 
mij0.138 + 5.56/125 


т 








Linear velocity of air at inlet: 


5000 /14.7 
==> l-> | = 45. s 
60 (27 | 45.37 fps 
Assume air and solid velocities equal. Elbow radius = 12D. 
Elbow equivalent length, 


Le = 1.6(x/2Y(12D) = 30.2D 
Power for compression from 14.7 psia and 560 R to 27 psia, 


КЕ 1) 23.5, 
w, = 3.5RT,[(P/ P) 28% — 1m; 
= 3.5(53.3)(560)[ (27/14. 795" — 14.910? 
= 97305 D? ft Ibf/sec. 


Frictiona: contribution of air 


2 
w= т [5 + (0.015/D)(300 + 2(30.2)D]m/, 


services. A related design is the apron conveyor with overlapping 
pans of various shapes and sizes (Fig. 5.8), used primarily for short 
travel at elevated temperatures. With pivoted deep pans they are 
also effective elevators. 

Flat belts are used chiefly for moving large objects and cartons. 
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= [(45.4^/64.4][5.9 + (4.5/0)104.910°) 
= 157.1D7(5.9 + 4.5/2) 


For the solid, take the coefficient of sliding friction to be f, = 1. 
Power loss is made up of four contributions. Assume no slip 
velocity; 


W, = Wd из + wy + Ws 
= [12/28 + AZ + fL + 2(0.0488)f i? ]m; 
= 5,56[45.42/64.4 + 50 + 300 + 2(0.0488)45. 47] 
= 3242. 5ft Ibf/sec. 


Total friction power: 
wy = 3242.5 + 157.1D7(5.9 + 4.5/ Р). 


Pressure drop: 


АР = р, psi. 
144(т + mi) Pm Р 


Fan power at 7 = 0.5: 





ии и + № 
Р = et а-а (НРА 
550(0.5)(10) ^ 2750 ЫР? 
222 5000(z/4) P | 
saturation = -——————— = 11.78D^ SCFM/(Ib . 
2 20,000/60 Ило) 
1Р5 D(f) та рь уу; w 
З 0.2557 0.3210 2.4808 6362 3484 
4 0.3356 0.5530 1.5087 10,959 3584 
5 0.4206 0.8686 1.0142 17,214 3704 
6 0.5054 1.2542 0.7461 24,855 3837 
АР SCFM/ 
1PS — (psi) HP/TPH ib/ тіп 
3 10.2 3.58 0.27 
4 6.1 5.29 1.33 
Б 4.1 7.60 2.08 
6 2.9 10.44 3.00 


From Table 5.1, data for pebble lime are 


sat = 1.7 SCFM/(Ib/min) 
power = 3.0 HP/TPH 


and for soda ash: 


sat = 1.9 SCFM/(Ib/min) 
power — 3.4 HP/TPH. 


The calculated values for a 4in. line are closest to the recom- 
mendations of the table. 


For bulk materials, belts are troughed at angles of 20-457, Loading 
of a belt may be accomplished by shovelling or directly from 
overhead storage or by one of the methods shown on Figure 5.9. 
Discharge is by throwing over the end of the run or at intermediate 
points with plows. 
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TABLE 5.2. Codes for Characteristics of Granular Materials? 






Major Code 
Class Material Characteristics Included Designation 
Density Bulk Density., Loose Actual 








No. 200 Sieve (.0029") And Under 
Мо. 100 Sieve (.0059") And Under 
Мо. 40 Sieve (.016") And Under 


Very Fine 











Fine No. 6 Sieve (.132") And Under 






Granular 
Granular 


X4" And Under 
3" And Under 










("штру Over 3" To Be Special 


X=Actual Maximum Size 














Irregular Stringy, Fibrous, Cylindrical, 


Slabs, etc. 





Very Free Flowing —Flow Function > 10 

Free Flowing — Flow Function >4 But < 10 
Average Flowability —Flow Function >2 Buts 4 
Sluggish — Flow Function « 2 


Flowability 


Mildly Abrasive —Index 1-17 
Moderately Abrasive — Index 18-67 
Extremely Abrasive— Index 68-416 







Яо м 















Builds Up and Hardens 

Generates Static Electricity 

Decomposes — Deteriorates in Storage 
Flammability 

Becomes Plastic or Tends to Soften 

Very Dusty 

Aerates and Becomes Fluid 
Explosiveness 

Stickiness-Adhesion 

Contaminable, Affecting Use 

Degradable, Affecting Use 

Gives ОЙ Harmful or Toxic Gas or Fumes 
Highiy Corrosive 

Mildly Corrosive 

Hygroscopic 

interlocks, Mats or Agglomerates 

Oils Present 

Packs Under Pressure 

Very Light and Fluffy — May Be Windswept 
Elevated Temperature 















Miscellaneous 
Properties 
Or 





Hazards 


ы<хЕ<с-«ооОоосОо2Егжетот 





" Example: А fine 100 mesh material with ап average density of 
50 Ib/cuft that has average flowability and is moderately abrasive 
would have a code designation 50А 636; if it were dusty and mildly 
corrosive, it would be 50A,9936LT. 


(FMC Corp., Materials Handling Division, Homer City, PA, 1983). 


Power is required to run the empty conveyor and to carry the 
load horizontally and vertically. Table 5.5 gives the equations, and 
they are applied in Example 5.4. Squirrel-cage ac induction motors 
are commonly used as drives. Two- and four-speed motors are 
available. Mechanical efficiencies of speed reducing couplings 
between motor and conveyor range from 95 to 50%. Details of 
idlers, belt trippers, cleaners, tension maintaining devices, struc- 
tures, etc. must be consulted in manufacturers’ catalogs. The selec- 
tion of belt for strength and resistance to abrasion, temperature, 
and the weather also is a topic for specialists. 


BUCKET ELEVATORS AND CARRIERS 


Bucket elevators and carriers are endless chains to which аге 
attached buckets for transporting granular materials along vertical, 
inclined or horizontal paths. Figure 5.10 shows two basic types: 
spaced buckets that аге far apart and continuous which overlap. 
Spaced buckets self-load by digging the material out of the boot and 
are operated at speeds of 200-300 їрт; they are discharged 
centrifugally. Continuous buckets operate at lower speeds, and are 
used for friable materials and those that would be difficult to pick 
up in the boot; they are fed directly from a loading chute and are 
discharged by gravity. Bucket carriers are essentially forms of pan 
conveyors; they may be used instead of belt conveyors for shorter 
distances and when they can be made of materials that are 


TABLE 5.3. Bulk Densities, Angles of Repose, and Allowable 
Angles of Inclination 


Material 


Alum, fine 

Alumina 

Aluminum sulfate 
Ammonium chloride 
Ammonium nitrate 
Ammonium sulfate 
Asbestos shred 

Ashes, coal, dry, i in. max 
Ashes, coal, wet, gin. max 
Ashes, fly 

Asphalt, i in. max 

Baking powder 

Barium carbonate 
Bauxite, ground 
Bentonite, 100 mesh max 
Bicarbonate of soda 
Borax, zin. 

Borax, fine 

Boric acid, fine 

Calcium acetate 

Carbon, activated, dry, fine 
Carbon black, pelleted 
Casein 

Cement, Portland 
Cement, Portland, aerated 
Cement clinker 

Charcoal 

Chips, paper mill 

Clay, calcined 

Clay, dry, fine 

Clay, dry, lumpy 

Coal, anthracite, i in. max 
Coal, bituminous, 50 mesh max 
Coal, bituminous, Тіп. тах 
Coal, lignite 

Coke breeze, 1 in. max 
Copper sulfate 
Cottonseed, dry, delinted 
Cottonseed, dry, not delinted 
Cottonseed meal 

Cryolite dust 
Diatomaceous earth 
Dicalcium phosphate 
Disodium phosphate 
Earth, as excavated, dry 
Earth, wet, containing clay 
Epsom salts 

Feldspar, i in. screenings 
Ferrous sulfate 

Flour, wheat 

Fullers earth, dry 

Fullers earth, oily 

Grain, distillery, spen, dry 
Graphite, flake 

Grass seed 

Gravel, bank run 

Gravel, dry, sharp 

Gravel, pebbles 

Gypsum dust, aerated 
Gypsum, z in. screenings 
Iron oxide pigment 

Kaolin talc, 100 mesh 
Lactose 

Lead arsenate 


Recom- 
Average Angle of mended 
Weight Repose Maximum 
(Ib/cuft) (degrees) Inclination 
45-50 30-45 
50-65 22 10-12 
54 32 17 
45-52 
45 
45-58 
20-25 
35-40 40 20-25 
45-50 50 23-27 
40-45 42 20-25 
45 
40-55 18 
72 
68 35 20 
50-60 
40-50 
55-60 
45-55 20-22 
55 
125 
8-20 
20-25 
36 
94 39 20-23 
60-75 
75-95 30-40 18-20 
18-25 35 20-25 
20-25 
80-100 
100--120 35 20-22 
60-75 35 18-20 
60 35 18 
50-54 45 24 
43-50 40 22 
40-45 38 22 
25-35 30-45 20-22 
75-85 31 17 
35 29 16 
18-25 35 19 
35-40 35 22 
75-90 
11-14 
40-50 
25-31 
70-80 35 20 
100-110 45 23 
40-50 
70-85 38 18 
60-75 
35-40 
30-35 23 
60-65 
30 
40 
10-12 
90-100 38 20 
90-100 15-17 
90-100 30 12 
60-70 42 23 
70-80 40 21 
25 40 25 
42-56 45 23 
32 
72 


TABLE 5.3—(continued) 


Lead oxides 60-150 

Lime, 2 in. max 60—65 43 23 
Lime, hydrated, 1 in. max 40 40 21 
Lime, hydrated, pulverized 32-40 42 22 
Limestone, crushed 85-90 38 18 
Limestone dust 80—85 20 
Lithopone 45—50 

Magnesium chloride 33 

Magnesium sulfate 70 

Milk, dry powder 36 

Phosphate, triple super, fertilizer 50-55 45 30 
Phosphate rock, pulverized 60 40 25 
Polystyrene beads 40 

Potassium nitrate 76 

Rubber, pelletized 50-55 35 22 
Salt, common, coarse 40-55 

Salt, ағу, fine 70—80 25 11 
Salt cake, dry, coarse 85 36 21 
Salt cake, dry, pulverized 60-85 

Saltpeter 80 

Sand, bank, damp 100-130 45 20-22 
Sand, bank, dry 90-110 35 16-18 
Sawdust 10-13 36 22 
Shale, crushed 85-90 39 22 
Зоар chips 15-2^ 30 18 
Soap powder 20-25 

Soda ash briquetts 50 22 7 
Soda ash, heavy 55-65 32 19 
Soda ash, light 20-35 37 22 
Sodium bicarbonate 41 42 23 
Sodium nitrate 70-80 24 11 
Starch 25-50 24 12 
Sugar, granulated 50-55 

Sugar, powdered 50—60 

Trisodium phosphate, pulverized 50 40 25 
Wood chips 10—30 27 
Zinc oxide, heavy 30-35 

Zinc oxide, light 10-15 





Other tables of these properties appear in these publications: 

1. Conveyor Equipment Manufacturers Association, Вей Conveyors for 
Bulk Materials, 1966, рр. 25-33. 

2. Stephens- Adamson Mfg. Co. Catalog 66, 1954, pp. 634—636. 

3. FMC Corporation Material Handling Equipment Division Catalog 100, 
1983, pp. B.27—B.35. 

4. Perry's Chemical Engineers Handbook, 1984, p. 7.5. 


TABLE 5.4. Sizing Data for Screw Conveyors? 


(8) Diameter (rpm and cuft/hr) 









Capacities, Cubic 


Capacities, Cubic 
Feet Per Hour 


Feet Per Hour 





Maximum 






Diam [At Maximum] At At 
Con- Recommend. One 














Loading of Materials in Trough 
Class Full 


Loading of Materials in Trough 
145% аа П-20% Full 


0% 


"Example 5.3 utilizes these data. 
(Stephens—Adamson Co. Catalog, 1954, p. 66). 
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TABLE 5.4(a)—(continued) 
















: Capacities, Cubic А ities, Cubic 
Maximum Feet Per Hour Maximum t Per Hour 
Diam Recommended] - 
ol Speed At Maximum| At 
R.P.M. Recommend-| One 


ed Speed |R.P.M. 


Loading of Materials in Trough 
Chass ПІ--15% Full z 





Loading of Materials in Trough 
Glass 11 I Х—80% Full 














(b) Characteristics of Some Materials (А Selection From the 
Original Table) 








Approx. 


























Weight [Capacity] {Туре of | Horse- 
Materials Classifi- | Conveyor | power 
i to Use actor 
uper 
Alfalfa тегі......................... А 
Alum, lumpy.... .. 1.5 
Alum, pulverized m 8 
ӨДімгііпа............................ 2.0 
Aluminum, hydrate. 8 
Ammonium вч1рһа{е................| 52 |... ..... 2... 
Asbestos, shredded 1.0 
*Azhes, dry 2.0 
Asphalt, сгияһей .................... А,В,С E 
Bakelite, powdered A,B,C 1.4 
Baking powder.... A,B,C 6 
Валеу.............................. A,B,C 4 
TBauxite, crushed Е 18 
Beans, castor, j el. A,B,C “5 
eans, navy, dry 
Bentonite....... ABC 1% 
*Bones, сгивһей...................... 
*Bones, granulated or ground, ......... В 20 
“Bone Маск.......................... р 14 
Вопесһаг........................... D 14 
*Bone шег!.......................... 
Borax, powdered...... m А р С 1.7 
Boric acid powder......... А,В,С 8 
Вғап...................... A,B,C 4 
=m ИИИНИН НИЦ 


(с) Factor S in the Formula for Power Р 












Type of Hanger Bearing 



























o - 
. SEALMASTER Babbitt, Bronze Self- 
Conveyor, Ball or Oil-Impreg- Lubricating Hard 
Bearing nated Wood Bronze 
4 50 
6 80 
9 130 
10 160 
12 250 
14 350 
16 480 
18 600 
20 700 
24 950 
(d) Limits of Horsepower апа Torque 
Diameter Diameter Maximum } Maximum 
о! of Horsepower с.Гогаче 
Сопхеуог, Coupling, at Capacity in 
Inches Inches 100 R.P.M. Inch Pounds 
1 1.5 950 
1% 6.0 3200 
2 10.0 6300 
‚14 2%, 15.0 9500 
12, i 16, 18 3 25.0 16000 
20 81% 40.0 25000 
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шуа PEETI 3 
vj 


ЧА 





Shear pin 





(d) 


(e) 


Figure 5.7. A screw conveyor assembly and some of the many kinds of screws in use. (a) Screw conveyor assembly with feed hopper 
and discharge chute. (b) Standard shape with pitch equal to the diameter, the paddles retard the forward movement and promote 
mixing. (c) Short pitch suited to transfer of material up inclines of as much as 20°. (d) Cut flight screws combine a moderate mixing 
action with forward movement, used for light, fine, granular or flaky materials. (e) Ribbon flights are suited to sticky, gummy or 


viscous substances. 





EXAMPLE 5.3 

Sizing a Screw Conveyor 
Dense soda ash with bulk density 60 Ib/cuft is to be conveyed а 
distance of 100 ft and elevated 12 ft. The material is class II-X with 
a factor F = 0.7. The bearings are self-lubricated bronze and the 
drive is V-belt with 7 = 0.93. The size, speed, and power will be 
selected for a rate of 15 tons/hr. 


О = 15(2000)/60 = 500 cuft/hr. 


According to Table 5.4(a) this capacity can be accommodated by a 
12 іп. conveyor operating at 


w = (500/665)(50) = 37.6 rpm, say 40 rpm 


From Table 5.4(c) the bearing factor is 


5 = 171. 


Accordingly, 


Р = [171(40) + 0.7(500)(60)]100 + 0.51(12)(30,000)/10° 
=2.97 НР 

motor НР = GP/7 = 1.25(2.97)/0.93 = 3.99, 

torque = 63,000(2.97)/40 = 4678 in. Ib. 


From Table 5.4(d) the limits for a 12 in. conveyor are 10.0 НР 
and 6300 in. 16 so that the selection is adequate for the required 
service. 

A conveyor 137 ft long would have a shaft power of 4.00 HP 
and a torque of 6300 in. lbs, which is the limit with a 2 in. coupling; 
a sturdier construction would be needed at greater lengths. 

For comparison, data of Table 5.5 show that a 14 in. troughed 
belt has an allowable speed of 267 fpm at allowable inclination of 
19? (from Table 5.3), and the capacity is 


2.67(0.6)(38.4) — 61.5 tons/hr, 


far more than that of the screw conveyor. 








(а) 








(b) (c) 








(e) 


Figure 5.8. Flight conveyors in which the material is scraped along, 
and apron convevors in which the material is carried along in a 
closed path of interconnected pans. (a) Flight conveyor, in which 
the material is scraped along a trough with flights attached to a 
continuous chain. (b) Scraper-type of flight. (c) Roller flights. (d) 
Apron conveyor, in which the material is carried along in moving, 
overlapping pans. (e) Sballow and deep types of overlapping pans. 
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TABLE 5.5. Belt Conveyor Data? 


(a) Capacity (tons/hr) at 100 ft/min, 100 Ib /cuft, 
and Indicated Slope Angle 


45? Troughed Belt 





Flat Belt 


Belt 
width 
(inches) | 5° | 10? | 20°| 30° 


14 2.85 6.69] 14.01 
3.87 918) 19.05 
11.88 





"Example 5.4 utilizes these data. Power = Рома + Pvertical + 
Pomp (НР), where Ph horizontai = (0.4 + £/300}(W/100), vertical = 
0.001 HW, and Pom obtained from part (с), with H=lift (ft), 
L= horizontal travel (ig), and W = tons/hr. 

(a) From Conveyor Equipment Manufacturers Association, 1979; (b) 
from Stephens-Adamson Catalog 66, 1954; (c) from Hudson, 1954]. 


(b) Maximum Recommended Belt Speeds for Nondusting 
Service 





Belt. Speed in Feet per Minute 





Belt 
Width, 
Inches 










Lump Crushed Wood 
Stone Ore апа Sand Chips 
or Ore Stone f rain 


400 
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TABLE 5.5—(continued) 


(c) Power to Drive Empty Conveyor 


| |мшбау chat | | 
Readings by 


18 











12 


Horsepower for Each 100 Ft. per Min. of Belt Speed 


SS 
к 


NS 
NS 
N 
М 
В 





м 
[| 


EFTILILLLLLLLL] 
0 400 800 1200 1600 2000 2400 
Length of Conveyor in Feet 


AN 





particularly suited to a process. Capacity and power data for bucket 
machines are given in Table 5.6. Flight and apron conveyors are 
illustrated in Figure 5.11. 


CONTINUOUS FLOW CONVEYOR ELEVATORS 


One design of a drag-type of machine is the Redler shown on Figure 
5.12. They function because the friction against the flight is greater 
than that against the wall. Clearly they are versatile in being able to 
transfer material in any direction and have the often important 
merit of being entirely covered. Circular cross sections are available 
but usually they are square, from 3 to 30 in. on a side, and operate 
at speeds of 30—250 ft/min, depending on the material handled and 
the construction. Some data are shown in Table 5.7. Most dry 
granular materials such as wood chips, sugar, salt, and soda ash are 
handled vcry well in this kind of conveyor. More difficult to handle 
are very fine materials such as cement or those that tend to pack 
such as hot grains or abrasive materials such as sand or crushed 
stone. Power requirement is dependent on the coefficient of sliding 
friction. Factors for power calculations of a few substances are 
shown in Table 5.7. 

The closed-belt (zipper) conveyor of Figure 5.13 is a carrier 
that is not limited by fineness or packing properties or abrasiveness. 
Of course, it goes in any direction. It is made in a nominal 4-in. 
size, with a capacity rating by the manufacturer of 0.07 cuft/ft of 
travel. The power requirement compares favorably with that of 
open belt conveyors, so that it is appreciably less than that of other 
types. The formula is 


HP = 0.001[(L,/30 + 5)u + (L;/16 + 2L3)T], (5.26) 
where 
u = ft/min, 
T = tons/hr, 


L, = total belt length (ft), 
І. = length of loaded horizontal section (ft), 
L, = length of loaded vertical section (ft). 


Speeds of 200 ft/min or more are attainable. Example 5.5 shows 
that the power requirement is much less than that of the Redler 
conveyor. 





Figure 5.9. Some arrangements of belt conveyors (Stephens-Adamson Со.) and types of idicrs 
(FMC Corp.). (a) Horizontal conveyor with discharge at an intermediate point as well as at the 
end. (b) Inclined conveyor, satisfactory up to 20° with some materials. (c) Inclined or retarding 
conveyor for lowering materials gently down slopes. (d) А flat belt idler, rubber cushion type. (е) 
Troughed belt idler for high loadings; usually available in 20°, 35°, and 45° side inclinations. 
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DRIVE END 





Figure 5.9—(continued) 


Closing Comments. Most kinds of conveyors and elevators аге 
obtainable from several manufacturers, each of whom builds 
equipment 10 individual standards of sturdiness, materials of 
construction, mechanical details, performance, and price. These 
differences may be decisive in individual cases. Accordingly, a 
selection usually must be made from a manufacturer's catalog, and 
ultimately with the advice of the manufacturer. 


5.4. SOLIDS FEEDERS 


Several types are illustrated in Figures 5.9 and 3.7. Rates are 
controlled by adjusting gates or rotation speeds or translation 


speeds. All of these methods require free flow from a storage bin 
which may be inhibited by bridging or arching. The device of Figure 
5.9(a) provides motion to break up such tendencies. 

For the most part the devices shown provide only rough feed 
rate control. More precise control is achieved by continuous 
weighing. The equipment of Figure 3.16(1) employs measurements 
of belt speed and the weight impressed on one or several of the belt 
idlers to compute and control the weight rate of feed; precision 
better than 0.5% is achievable. For some batch processes, the 
feeder discharges into an overhead weighing hopper for accurate 
measurement of the charge. Similar systems are used to batch feed 
liquids when integrating flow meters are not sufficiently accurate. 





EXAMPLE 5.4 

Sizing a Belt Conveyor 
Soda ash of bulk density 60lb/cuft is to be transported at 
400 tons/hr a horizontal distance of 1200 ft up an incline of 5°. The 
running angle of repose of this material 15 19°. The conveyor will be 
sized with the data of Table 5.5. 

Conside: a 24 in. belt. From Table 5.5(a) the required speed is 


и = (400/132)100 = 303 ft/min. 


Since the recommended maximum speed in Table 5.5(b) is 
350 fpm, this size is acceptable: 


conveyor length = 1200/cos 5° = 1205 ft, 
rise — 1200 tan 5? — 105 ft. 


With the formulas and graph (c) of Table 5.5, the power 
requirement becomes 


Power = Р horizontal + P vertical + Pospy 
= (0.4 + 1200/300)(400/100) 
+0.001(105)(400) + 303(3.1)/100 
= 69.0 НР. 


Perhaps 10 to 20% more should be added to compensate for losses 
in the drive gear and motor. 
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TAKE-UP PULLEY 


(a) 






SECTION THROUGH 
ZIPPER CLOSED-BELT 











BELT CLOSING ZIPPER PELT 
STATION OPEN FOR 


Хх. LOADING 


ZIPPER .. CLOSED-BELT i | 
CONVEYOR "ELEVATOR p DN 


(b) 





Figure 5.10. Closed belt (zipper) for conveying in any direction (Stephens-Adamson Co.). (a) Arrangement of pulley, fced 
hopper and open and closed belt regions. (b) The tubular belt conveyor for horizontal and vertical transport; a section of the 
zippered closed belt is shown. (c) Showing how the zipper closes (on downward movement of the belt in this sketch) or opens 


(on upward movement of the belt). 


TABLE 5.6. Capacities and Power Requirements of Bucket 
Elevator Conveyors 


(a) Gravity Discharge Elevators Used Primarily For Coal^^ 


Capacity, tons/hr. 
at 100 ft./min. 







Нр with material at 50 Ib./cu. ft. 


Size of - 

bucket, Per 10-ft. vertical | Per 100-ft. horizontal 
in. Bucket spacing, in. lift Tun 

LxW Spacing of buckets, in. 






18 





(b) Capacities and Maximum Size of Lumps of Centrifugal 
Discharge Elevators 2% 


Max. lumps Capacity, tons/hr. 


Size, 
Bucket | пор, | Speed, 735b. | 50-Ib. | 100-Ъ. 


spacing, loy width, | ft./min. 
. in. 














13 6х4 225 5 7 14 
16 8x5 230 9 13 27 
16 10X 6 230 16 23 47 
18 12X7 268 27 38 77 
18 14X7 268 32 46 92 
19 16 Х8 262 и 44 63 127 


(с) Centrifugal Discharge of Continuous Belt and Bucket 











Elevators" 
Bucket | Size, Speed Max. lumps Capacity, tons/hr. 
spacing, | length | ft /min АП 2 . | 501b. | 100 Ib. 

in. ^ [by width 1/1900 

13 6x4 22: 

16 8x5 258 

16 10 X 6 258 

18 12x 7 298 

18 14x 7 298 

18 16 x8 298 152 





? Buckets 80% full. 

> Buckets 75% full. 

© Horsepower = 0.002 (tons/hr)(lift in feet). 
fLink Belt Co.) 


Knob Operates Take-up 








Steel track 


Material in 
carrying run 


Inspection Door Self-feeding 







Drive Sprocket 


Cleaning Finger 
and Stripper 


Push Out Piate 


Discharge Point 








Figure 5.11. Drag-type enclosed conveyor-elevator (Redler Design) for transfer in any direction (Stephens-Adamson Mfg. Co.). (а) Head 
and discharge end of elevator. (b) Carrying and return runs. (c) Loading end. (d) Some shapes of flights; some are made close-fitting and 


edged with rubber or plastics to serve as cleanouts. 





Figure 5.12. Bucket elevators and conveyors. (а) Spaced bucket elevator. (b) Bucket conveyor for vertical and horizontal travel. (c) 
Discharge of pivoted buckets on horizontal path. (d) Spaced buckets receive part of their load directly and part by scooping the bottom. (е) 
Continuous buckets are filled as they pass through the loading leg with a feed spout above the tail whecl. (f) Centrifugal discharge of spaced 
buckets. (g) Discharge mode of continuous buckets. 


TABLE 5.7. Speed and Horsepower of Drag-Type Conveyors of (b) Factors F, G, and K for Use in the Power Equation for Three 
Redler Design Sizes of Units 


(a) Typical Speeds (ft/ тіп)” 


















Material 
MATERIAL 4000 1000 2000 2000 F ғіа 
HANDLED Conv. Elev. Conv. Conv. — ——_ 
Beans, dry navy 1,5] 2. 3 2.0/2.6 
em ГИ ШИГ ШО с Ке 
i .o| o. . 4.04.3 
Flyash 30 30 30 30 Bran | 14.1] 8: 5.9 5.02.4 
Grain (Whole) 125 125 80 250 Cellulose acetate dry, coarse 8.015. 0.0 8.52.6 
(Processed) 125 100 80 150 Cement, dry Portland 2.9] 7. 5.4 H4. 4.8|3.4 
Salt 125 100 80 150 Clav. dry lumpy 3-1) 5. 4.58. 4.02.8 
Wood (Chips) 100 80 80 150 Лау, pulverized кт ре и 918.7 
Coal, М” slack di th] 
(Sawdust) 100 100 80 150 ‘proportion fines ды 2.4] 4. 3.5 3.1]2.6 
Coal, minus И ’’ slack moderately 
7 wet ^ duck 3.3| 6. 4.7]a 4.2|3.1 
НР = 0.001 (ЕЁ + GH + К) (tons/hr), where H = rise (ft), L= ара кей 2.55. “1 3.6.2 
horizontal run (Я), Ғ, С, апа К are factors from Table (b); factor E is not damp 3.7 3.3/2 
М . Con], sized wet or dry ‚2 3.1 2.82 
used in this formula. Coconut, shredded .0 4.3 3.7]2 
Series 1000, 2000, and 3000 differ in the shapes and sturdiness of Сойес, ground 4 3-5 зар. 
the flights. Flour, whest 2 5.0 4:36. 
(Sto h Ad Mfg. C Fuller's earth, dry granular 1 520 . 4 
phens—Adamson Mfg. Co.). Lime, burned or * quick " lump 
3.94 


or" pebble ” 

Lime, dy burned small lumps 
and dust 

Lime, fine with tendency to pack 

Lime, hydrated 

Salt, ау granulated 

Salt rock 

Sand, silica coarse dry 

Sand very fine, dry 

Sawdust, dry 

Soda ash, light 

Soybean meal 

Stareh, lump 

Starch, pulverized 

Sugar, dry granulated 

Sugar, brown 

Wheat, dry fairly clean 

Wood chips, dry 


4. 
6. 
4. 
7. 
7. 
6. 
5. 
6. 
8. 
35. 
3. 
3. 
4. 
5. 
4. 
t. 
4. 
3. 
5. 
5. 
8. 
3. 
6. 
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18 
7 
13 
.8 
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19 
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41 
11 
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.5 
E 
‚0 
.5 
.5 
7 
9 
4 
-8 
-5 
4 
.4 
-0 
.0 
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Figure 5.13. Types of feeders for granular solids; also suitable are conveyors such as closed belt, Redler, and bucket types. (a) Bin discharge 
feeder. (b) Rotary plate feeder with adjustable collar and speed. (c) Flow controlled by an adjustable gate. (d) Rotary drum feeder, 
regulated by gate and speed. (e) Rotary vane feeder, can be equipped with air lock for fine powders. (f) Vane or pocket feeder. (g) Screw 
feeder. (h) Apron conveyor feeder. (i) Belt conveyor feeder. (j) Undercut gate feeder. (k) Reciprocating plate feeder. (1) Vibrating feeder, 
can transfer uphill, downhill, or on the level. (m) *Air-slide" feeder for powders that can be aerated. (n) Weighing belt feeder; unbalance of 
the weigh beam causes the material flow rate onto the belt to change in the direction of restoring balance. 
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Dust-Tight Cover 





ar 5 or 6 Degrees 





(1) т Pressure, 3 to 8 oz рег sq in. Air Chamber 
(т) 
Feed hopper 
Screw conveyer 
Ла ТАТТЫ 
Figure 5.13—(continued) 
EXAMPLE 5.5 5.25 
Comparison of Redler and Zippered Belt Conveyors HP- 1000 [11.4(120) + 6.5(30) + 20] = 8.31. 


Soda ash of bulk density 301b/cuft is to be moved 1205 
horizontally and 30 ft vertically at the rate of 350 cuft/hr. Compare 
power requirements of Redler and zippered belt conveyors for this 
service. 

А 3-in Redler is adequate: 


350 
60(л/4)(3/12): 


u= = 118.8 fpm, 


which is within the range of Table 5.7(a), 
tons/hr = 350(30)/2000 = 5.25 


Take constants from Table 5.7(b) for a Redler. 


For a closed belt, 


_ 350 
7 0.07(60) 


— 83.3 fpm, 

which is well under the 200 fpm that could be used, 
І, = 300, L,=120, L4-30. 

Use Eq. (5.26): 


HP = 0.001 (300/30 + 5)83.3 + [120/16 + 2(30)]5.25) 
= 1.60. 
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FLOW OF FLUIDS 


he transfer of fluids through piping and equipment is 
accompanied by friction and may result in changes 
in pressure, velocity, and elevation. These effects 
require input of energy to maintain flow at desired 


rates. In this chapter, the concepts and theory of fluid 
mechanics bearing on these topics will be reviewed briefly 
and practical and empirical methods of sizing lines and 
auxiliary equipment will be emphasized. 








6.1. PROPERTIES AND UNITS 


The basis of fiow relations is Newton's relation between force, 
mass, and acceleration, which is 


F=(m/g,)a. (6.1) 


When F and rn are in Ib units, the numerical value of the coefficient 
is g, = 32.174 Ib ft/Ibf sec”. In some other units, 


gcm/ sec? 
dyn 





24 kg m/sec? 


kg m/sec” 
N 2, 


kg; 


= 1 


= 9.806 


Since the common engineering units for both mass and force are 
lib, it is essential to retain g, in all force—mass relations. The 
interconversions may be illustrated with the example of viscosity 
whose basic definition is force/(velocity)(distance). Accordingly the 
viscosity in various units relative to that in SI units is 


1 Ns/m? s/m? = 10 g/(cm)(s) 


i 
9.806 FP 
= 10 P = 0.0672 Ib/(ft)(sec) 
0.0672 


- 2_ 2 
=32 174 Ibf sec/ft^ = 0.002089 Ibf sec/ft*. 


In data books, viscosity may be recorded either in force or mass 
units. The particular merit of SI units (kg, m, s, N) is that g, = 1 and 
much confusion can be avoided by consistent use of that system. 
Some numbers of frequent use in fluid flow problems are 


Viscosity: 1 cPoise = 0.001 N s/m? = 0.4134 Ib/(ft)(hr). 

Density: 1 в m/cm? = 1000 kg/m? = 62.43 lb/ft. 

Specific weight: 62.43 Ibf/cuft = 1000 kg,/m°. 

Pressure: 1 atm = 0.10125 MPa = 0.10125(105) N/m? = 1.0125 bar. 


Data of densities of liquids are empirical in nature, but the 
effects of temperature, pressure, and composition can be estimated; 
suitable methods are described by Reid et al. (Properties of Gases 
and Liquids, McGraw Hill, New York, 1977), the API Refining 
Data Book (American Petroleum Institute, Washington, DC, 1983), 
and the AIChE Data Prediction Manual (1984—date). The densities 
of gases are represented by equations of state of which the simplest 
is that of ideal gases; from this the density is given by: 

р=1/У =МР/ВТ, mass/volume (6.2) 
where M is the molecular weight. For air, for example, with P in 
atm and T in ?R, 


_ 29Р 
POT 





Ib/caft. (6.3) 
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For nonideal gases a general relation is 


р = MP/zRT, (6.4) 
where the compressibility factor 2 is correlated empirically in terms 
of reduced properties Т/Т. and P/P, and the acentric factor. This 
subject is treated for example by Reid et al. (1977, p. 26) and Walas 
(1985, pp. 17, 70). Many PVT cquations of state are available. That 
of Redlich and Kwong may be written in the form 

V=b+RT/(P aj VT V?), (6.5) 
which is suitable for solution by direct iteration as used in Example 
6.1. 

Flow rates arc expressible as linear velocities or in volumetric, 
mass, or weight units. Symbols for and relations between the 
several modes are summarized in Table 6.1. 

The several variables on which fluid flow depends may be 
gathered into a smaller number of dimensionless groups, of which 
the Reynolds number and friction factor are of particular 
importance. They are defined and written in the common kinds of 
units also in Table 6.1. Other dimensionless groups occur less 
frequently and will be mentioned as they occur in this chapter; а 
long list is given in Perry's Chemical Engineers Handbook 
(McGraw-Hill, New York, 1984, p. 5.62). 





EXAMPLE 6.1 
Density of a Nonideal Gas from Its Equation of State 
The Redlich-Kwong equation of carbon dioxide is 


(P + 63.72(105)/ VT У?)(У — 29.664) = 82.05T 


with P in atm, V in mL/g mol and T in K. The density will be found 
at P = 20 and T = 400. Rearrange the equation to 


У = 29.664 + (82.05)(400)/(20 + 63.72(105)/V400 v?). 


Substitute the ideal gas volume on the right, V = 1641; then find V 
on the left; substitute that value on the right, and continue. The 
successive values of V are 


У = 1641, 1579, 1572.1, 1571.3, 1571.2, --- mL/g mol 
and converge at 1571.2. Therefore, the density is 


p=1/V = 1/1571.2, ог 0.6365gmol/L ог 28.00g/L. 
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TABLE 6.1. Flow Quantities, Reynolds Number, and Friction 


Factor 
Typical Units 
Flow Symbol and 

Quantity Equivalent Common SI 
Linear u ft/sec m/sec 
Volumetric Q-uA- nD*u/4 cuft/sec m°/sec 
Mass m = pQ = рАи Ib/sec kg/sec 
Weight w = yQ = yAu Ibf/sec N/sec 
Mass/area G-pu Ib/(saft)(sec) kg/m? sec 
Weight/area б, = уи Ibf/(saft)(sec) N/m? sec 


Reynolds Number (with A= xD^/4) 


Dup Du DG 4Qp 4m 
u v pu ярь лби 





Re (1) 


Friction Factor 


AP //L и? 0.135= 6.5]? 
f=— (55=)=2 DAPJL а? = 1.6364 / |in ( EJ] 2 
p / ND2g, 9с /Lp D Re (2) 


(Round's equation) 
віт? 18? 


f- f 
gp D'  2g,Dp! 9) 





AP Lu’ 8407 
р 029, бтр" 





Іп the units 


D-in, т-іһ/һг 
Q=cuft/sec, в -cP 

p = specific gravity 
 6314m 141800550 


R 
e Du Du (4) 
АР 3.663(10 ?)m? 
—_=—____________ f, 
L роз atm/ft (5) 
5.385(10 9)m? 
538500 Эт, ун (6) 
рр 
0.6979ра? . 
=— f, psi/ft {7) 
Laminar Flow 
Re « 2300 
f - 64/Ве (2a) 
AP/L= 32ни/ 0? 
1.841(10 7)ші 
= í Ju , atm/ft (Ба) 
pD 
2.707(10 ит А 
РСК, psifft (ба) 
pD 
35.0832 Q . 
=— p psi/ft (7а) 


Gravitation Constant 


9. = 1 kg m/N sec? 
= 1 9ст/дуп sec? 
= 9.806 kg m/kgf sec? 
= 32.174 Ibm ft/Ibf sec? 
= 1 slug АЛЬ! sec” 
=1 Ibm ft/poundal sec? 


6.2. ENERGY BALANCE OF A FLOWING FLUID 


The energy terms associated with the flow of a fluid аге 


. Elevation potential (е /в„)2, 

. Kinetic energy, u°/2g,, 

Internal energy, U, 

Work done in crossing the boundary, PV, 
. Work transfer across the boundary, W,, 

. Heat transfer across the boundary, Q. 


Anh wh = 


Figure 6.1 represents the two limiting kinds of regions over which 
energy balances are of interest: one with uniform conditions 
throughout (completely mixed), or one in plug flow in which 
gradients are present. With single inlet and outlet streams of a 
uniform region, the change in internal energy within the boundary 
is 


d(mU)=m dU + U dm = m dU + U(dm, - dm) 
= dQ — dW, +[H, + uj/2g. + (g/8.)z,] dm, 
— [9 + u3/2g. + (8/8) 22] та. (6.6) 


One kind of application of this equation is to the filling and 
emptying of vessels, of which Example 6.2 is an instance. 

Under steady state conditions, 4а(т/)-0 and dm, =4т. = 
dm, so that Eq. (6.6) becomes 


AH + Ли?/28, + (g/g.)Az = (О — W,)/m, (6.7) 
or 

AU + A(PV) + Au?/2g,  (g/g.)Az = (О — W,)/m, (6.8) 
or 

AU + A(P/p) + Аш/2, + (g/g-)Az = (0 — W,)/m. (6.9) 


For the plug flow condition of Figure 6.1(b), the balance is 
made in terms of the differential changes across a differential length 
41, of the vessel, which is 

ан + (1/g,)u du + (g/g.) dz = dQ — dW, (6.10) 


where all terms are per unit mass. 





-»- 
d(mU) [H, + u2/29, + (9/g,)z,]dm, 





ІН, + 02/29,  (g/g))z,]dm, 


{а) dà dw 


s 


м---4--> 


udu д 
ЧН +3 
асер р 
Б p Unit Cross Section 
dQ dW, 


Figure 6.1. Energy balances on fluids in completely mixed and plug 
flow vessels. (a) Energy balance on a bounded space with uniform 
conditions throughout, with differential flow quantities dm, and 
dm. (b) Differential energy balance on a fluid in plug flow in a tube 
of unit cross section. 








(b) 
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EXAMPLE 6.2 

Unsteady Flow of an Ideal Gas through a Vessel 
An ideal gas at 350 K is pumped into a 1000 L vessel at the rate of 
6g mol/min and leaves it at the rate of 4 в mol/min. Initially the 
vessel is at 310 K and 1 atm. Changes in velocity and elevation are 
negligible. The contents of the vessel are uniform. There is no work 
transfer. 

Thermodynamic data: 


U-C,T -5T, 
H=C,T -7T. 


Heat transfer: 


dQ = h(300 — T) 40 
= 15(300 — T) 20. 


Тһе temperature will be found as а function of time 9 with both 
й = 15 and л = 0. 


dn, = 6 20, 

dn; = 440, 

dn = dn, — ап, = 2 d9, 

по = P V /RT = 1000/(0.08205)(310) = 39.32 gmol, 
п=по+ 20, 


М = 10007 
-->| 1,=310 
T, = 350 Pl. 
n,=6 





Energy balance 


d(nU) =n dU + U dn =nC, aT + C, T(2 40) 


= H, dn, — Н, dn; + dQ — dw, 
= C,(6T; — AT) d0 + h(300 — T) 46. 


This rearranges into 





[ а9 5 T dT 
1929 Ino (I/C, 6G, T, + 3008 — (4C, + 2C, + A)T 
в ат 
380-1067. ^7» 
=} зш 
2 
[ — dT ng 
519 2940 — 7.6Т 


The integrals are rearranged to find Т, 


1 5.3 
362.26 - 52.26( ) > А = 15, 


1+ 0.05098 
Т, = 1 3.8 
386.84- ШЕ (osos) , — 0. 
1+ 0.05090 һ-0 
Some numerical values are 
Т, Р 
6 h=15 h=0 h=15 h=0 
0 310 310 1 1 
0.2 3127 312.9 1.02 1.02 
0.5 316.5 317.0 
1 322.1 323.2 
5 346.5 354.4 
10 356.4 370.8 1.73 1.80 
ж 362.26 386.84 © © 


The pressures are calculated from 


nRT _ (39.32 + 20)(0.08205)Т 


Р ү 1000 











Friction is introduced into the energy balance by noting that it 
is a mechanical process, dW,, whose effect is the same as that of an 
equivalent amount of heat transfer dQ, Moreover, the total 
effective heat transfer results in a change in entropy of the flowing 
liquid given by 


TdS = dQ + dW,. (6.11) 
When the thermodynamic equivalent 
dH =VdP+TdsS (6.12) 


and Eq. (6.11) are substituted into Eq. (6.10), the net result is 


УаР + (1/g)u du  (g/g.) dz = —(dW, + dW,), (6.13) 
which is known as the mechanical energy balance. With the 
expression for friction of Eq. (6.18) cited in the next section, the 
mechanical energy balance becomes 


V dP + (1/g,)u du + (g/g) dz + 2% аш--ай (613) 


For an incompressible fluid, integration may be performed 
term by term with the result 


AP/p + Au*/2g,  (g/g.)^z = —(W, + W,). (6.14) 


The apparent number of variables in Eq. (6.13) is reduced by the 
substitution u=V/A for unit flow rate of mass, where A is the 
cross-sectional area, so that 


уар + (1/g.A2)V dV + (g/g,) dz = —(dW, + dW,). (6.15) 


Integration of these energy balances for compressible fluids under 
several conditions is covered in Section 6.7. 

The frictional work loss W, depends on the geometry of the 
system and the flow conditions and is an empirical function that will 
be explained later. When it is known, Eq. (6.13) may be used to 
find a net work cffect W, for otherwise specified conditions. 

The first three terms on the left of Eq. (6.14) may be grouped 
into a single stored energy terms as 


AE = AP/p + Au?/2g.. + (g/g,)Az, (6.16) 
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EXAMPLE 6.3 
Units of the Energy Balance 
In a certain process the changes in stored energy and the friction are 


AE = —135 ft Ibf/Ib 
w, = 13 ft Ibf/Ib. 








Nm J 
= 364.67 364.6, 
_ Nm kgf m kgf 
w, = 364.6 kg 95060 = 37-19 kg 


At sea level, numerically Ibf = Ib and kgf = kg. 








The net work will be found in several kinds of units: Accordingly, 
_ _ а ВБ kgf m _ kgf m 
w, = —(АЕ + wy) = 122 ft lbf/lb, ж 2 bike 328i 5719 kg” 
122 #&16Е4.448№2.204 lb m 
"7 мы № 3.288 as before. 
and the simpler form of the energy balance becomes diameter 


АЕ +W, = -W. (6.17) 
The units of every term in these energy balances are 
alternately: 


ft Ib/Ib with g, = 32.174 and g in ft/sec” (32.174 at sea level). 
N m/kg = J/kg with g, = 1 and g т m/sec? (1.000 at sea level). 
kg, m/kg with g, = 9.806 and g in m/sec? (9.806 at sea level). 


Example 6.3 is an exercise in conversion of units of the energy 
balances. 

The sign convention is that work input is a negative quantity 
and consequently results in an increase of the terms on the left of 
Eq. (6.17). Similarly, work is produced by the flowing fluid only if 
the stored energy AE is reduced. 


6.3. LIQUIDS 


Velocities in pipe lines are limited in practice because of 


1. the occurrence of erosion. 

2. economic balance between cost of piping and equipment and the 
cost of power loss because of friction which increases sharply 
with velocity. 


Although erosion is not serious in some cases at velocities as high as 
10-15 ft/sec, conservative practice in the absence of specific 
knowledge limits velocities to 5-6 ft/sec. 

Economic optimum design of piping will be touched on later, 
but the rules of Table 6.2 of typical linear velocities and pressure 
drops provide a rough guide for many situations. 

The correlations of friction in lines that will be presented are 
for new and clean pipes. Usually a factor of safety of 20-40% is 
advisable because pitting or deposits may develop over the years. 
There are no recommended fouling factors for friction as there are 
for heat transfer, but instances are known of pressure drops to 
double in water lines over a period of 10 years or so. 

In lines of circular cross section, the pressure drop is 
represented by 


и? 


L 
AP = Dag . 


(6.18) 


For other shapes and annular spaces, D is replaced by the hydraulic 


Б, = 4(сгоѕѕ section)/wetted perimeter. 


For an annular space, D, = D, — D,. 

In laminar flow the friction is given by the theoretical Poiseuille 
equation 

{= 64/№., №, <2100, approximately. (6.19) 
At higher Reynolds numbers, the friction factor is affected by the 
roughness of the surface, measured as the ratio e/D of projections 
on the surface to the diameter of the pipe. Values of & are as 
follows; glass and plastic pipe essentially have ғ — 0. 


€ (ft) £(mm) 
Riveted steel 0.003-0.03 0.9-9.0 
Concrete 0.001—0.01 0.3-3.0 
Wood stave 0.0006-0.003 0.18-0.9 
Cast iron 0.00085 0.25 
Galvanized iron 0.0005 0.15 
Asphalted cast iron 0.0004 0.12 
Commercial steel or 

wrought iron 0.00015 0.046 

Drawn tubing 0.000005 0.0015 


The equation of Colebrook [J. Inst. Civ. Eng. London, 11, pp. 
133-156 (1938-1939)] is based on experimental data of Nikuradze 
[Ver. Dtsch. Ing. Forschungsh. 356 (1932)]. 


1 


Е 9.38 
—= = 1.14 — 0.869 in( 
VF 


24 ‚> . 
DTN. v) Nee > 2100 
Other equations equivalent to this one but explicit in f һауе been 
devised. A literature review and comparison with more recent 
experimental data arc made by Olujic [Chem. Eng., 91-94, (14 
Бес. 1981)]. Two of the simpler but adequate equations аге 


(6.20) 





-2 
0.1356 , 5 | 
р Мы 


f= 1.6364] In( (6.21) 


[Round, Can. J. Chem. Eng. 58, 122 (1980)], 





СГ. = _ E 145 -2 
г-1 0.8686 ш 2 2182 (577 53) |] (6.22) 


[Schacham, Ind. Eng. Chem. Fundam. 19(5), 228 (1980)]. These 


TABLE 6.2. Typical Velocities and Pressure Drops in Pipelines 
| Liquids (psi/100 ft) 


Liquids within 
50°F of 


Light Oils Viscous 
Bubble Point and Water Oils 
Pump suction 0.15 0.25 0.25 
Pump discharge 2.0 2.0 2.0 
(ог 8-7 fps) (or 5-7 fps) (ог 3-4fps) 
Gravity flow to or from 
tankage, maximum 0.05 0.05 0.05 
Thermosyphon reboiler 
inlet and outlet 0.2 
Gases (psi/100 ft) 
0—300 ft 300—600 ft 
Pressure (psig) Equivalent Length Equivalent Length 
-13.7 (28 in. Vac; 0.06 0.03 
—12.2 (25 in. Мас) 0.10 0.05 
—7.5 (15 іп. Vac} 0.15 0.08 
0 0.25 0.13 
50 0.35 0.18 
100 0.50 0.25 
150 0.50 0.30 
200 0.70 0.35 
500 2.00 1.00 
Steam psi/ 100 ft Maximum ft/ min 
Under 50 psig 0.4 10,000 
Over 50 psig 1.0 7000 


Steam Condensate 
To traps, 0.2 psi/100 ft. From bucket traps, size on the basis of 2-3 


times normal flow, according to pressure drop available. From 
continuous drainers, size on basis of design flow for 2.0 psi/100 ft 


Control Valves 


Require à pressure drop of at least 10 psi for good control, but values as 
low as 5 psi тау be used with some loss in control quality 





Particular Equipment Lines (ft/sec) 


Reboiler, downcomer (liquid) 3-7 
Reboiler, гізег (liquid and vapor) 35--45 
Overhead condenser 25-100 
Twc-phase flow 35-75 
Compressor, suction 75--200 
Compressor, discharge 100—250 
Inlet, steam turbine 120—320 
Inlet, gas turbine 150-350 
Relief valve, discharge 0.5v," 
Relief valve, entry point at silencer v? 


? v, is sonic velocity. 


three equations agree with each other within 196 or so. The 
Colebrook equation predicts values 1-3% higher than some more 
recent measurements of Murin (1948), cited by Olujic (Chemical 
Engineering, 91-93, Dec. 14, 1981). 

For orientation purposes, the pressure drop in steel pipes may 
be found by the rapid method of Table 6.3, which is applicable to 
highly turbulent flow for which the friction factor is given by von 
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Karman’s equation 


f =1.3251{In(D/e) + 1.3123) | 7. (6.23) 
Under some conditions it is necessary to employ Eq. (6.18) in 
differential form. In terms of mass flow rate, 


Sif 
=—z dL. .24 
dP a p>? а (6.24) 
Example 6.4 is of a case in which the density and viscosity vary 
along the length of the line, and consequently the Reynolds number 
and the friction factor also vary. 


FITTINGS AND VALVES 


Friction due to fittings, valves and other disturbances of flow in pipe 
lines is accounted for by the concepts of either their equivalent 
lengths of pipe or multiples of the velocity head. Accordingly, the 
pressure drop equation assumes either of the forms 


AP =f(L + У, L)pw [28.D, 
АР =[f(L/D) + >, КДои?/28,. 


(6.25) 
(6.26) 


Values of equivalent lengths Г, and coefficients К, are given in 
Tables 6.4 and 6.5. Another well-documented table of К; is in the 
Chemical Engineering Handbook (McGraw-Hill, New York, 1984 
p. 5.38). 

Comparing the two kinds of parameters, 

K; =fL,/D (6.27) 
so that one or the other or both of these factors depend on the 
friction factor and consequently on the Reynolds number and 
possibly =. Such a dependence was developed by Hooper [Chem. 
Eng., 96-100, (24 Aug. 1981)] in the equation 

К =К,/ Ng, + К>(1 + 1/D), (6.28) 
where D is in inches and values of К, and К, аге in Table 6.6. 
Hooper states that the results are applicable to both Jaminar and 
turbulent regions and for a wide range of pipe diameters. Example 


6.5 compares the several systems of pipe fittings resistances. The К; 
method usually is regarded as more accurate. 


ORIFICES 


In pipe lines, orifices are used primarily for measuring flow rates but 
sometimes as mixing devices. The volumetric flow rate through a 
thin plate orifice is 





. 2АР/ 1/2 
Q- CAM 1— е) , (6.29) 
Ag = cross sectional area of the orifice, 
B = 410, ratio of the diameters of orifice and pipe. 
For corner taps the coefficient is given by 
Ca = 0.5959 + 0.031257! — 0.18488 
+ (0.0029875)(105/Re 9 7? (6.30) 


(International Organization for Standards Report DIS 5167, 
Geneva, 1976). Similar equations are given for other kinds of orifice 
taps and for nozzles and Venturi meters. 
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TABLE 6.3. Approximate Computation of Pressure Drop of Liquids and Gases in Highly Turbulent Flow in Steel Pipes? 


W - Rate of Flow, in Thousands of Pounds per Hour 


Ww C, Ci и 
10 41 4 0 
19 
9 .08 
.07 5 
8 06 
7 25 2 
15 
04 1% 
5 3 
03 
5 025 4 2 
02 5 
6 А 
‘Fos о 3 5 
3.5 = 8 
8 9-1-0 
01 a 10 
3 0 > 
008 2 
.007 
}5 ws 15 " 
005 2 
2 004 25 50 
3 
- (03 
60 
0025 4 
15 
002 5 7 
6 
80 
0015 ; 
8-я 
9 
10 001 10 ++ 100 
0009 
9 008 
0007 
. 0006 


W - Rate of Flow, in Thousands of Pounds per Hour 


и 


1500 


1000 
900 


800 


700 


600 


500 


400 


250 


20 


150 


100 


с 
2500 


2000 


1500 


1000 
900 
800 
70 
500 


400 


250 


200 


100 


50 
80 


70 


50 


40 


25 


Values of С, 





Nominal Nominal 
Pipe Ріре 
Size Schedule Value Size Schedule Value 
іп. Number of C; In. Number of C; 
% 405 7,920,000 12 20 0.0157 
80 x 26,200,000 30 0.0168 
"E 0.0175 
% 405 93,500 40 0.0180 
80х 186,100 ...х 0.0195 
160 4,300,000 60 0.0206 
++. ХХ 11,180,000 
80 0,0231 
34 40 $ 21,200 100 0.0267 
80х 36,900 120 0.0310 
160 100,100 140 0.0350 
‚+. XX 627,000 160 0.0423 
1 405 5,950 14 10 0.00949 
80 x 9,640 20 0.00996 
160 22,500 305 0.01046 
e хх 114,100 40 0.0109 
... 0,01155 
1% 405 627 60 0,01244 
80 x 904 
160 1,656 80 0.01416 
2... XX 4,630 100 0.01657 
120 0.01898 
2 40s 169 140 0.0218 
80 x 236 160 D.0252 
160 488 
... XX 899 16 10 0.00463 
20 0.00421 
2% 405 66.7 305 0.00504 
80 х 91.8 40х 0.00549 
160 146.3 60 0.00612 
... KX 380.0 
80 0.00700 
3 40s 21.4 100 0.00804 
80 x 28.7 120 0.00926 
160 48.3 140 0.01099 
‚++ XX 96.6 160 0.01244 
315 405 10.0 18 10 0.00247 
80 x 13.2 20 0.00256 
0.00266 
4 40s 5.17 30 0.00276 
80 x 6.75 0.00287 
120 8.94 40 0.00298 
160 11.80 
s.. XX 18.59 60 0.00335 
8 0.00376 
5 40s 1.59 100 0.00435 
80 x 2.04 120 0.00504 
120 2.69 140 0.00573 
160 3.59 160 0.00669 
... XX 4.93 
20 10 0.00141 
6 40s 0.610 20s 0.00150 
80х 0.798 30 х 0.00161 
120 1.015 40 0.00169 
1650 1.376 60 0.00191 
2e ХХ 1.861 
80 0.00217 
8 20 0.133 100 0.00251 
30 0.135 120 0.00287 
405 0.146 140 0,00335 
60 0.163 160 0.00385 
80 x 0.185 
“ d. шш 
6 А 
100 0.211 х 0.000597 
140 0:289 30 0.000614 
ах 0,317 40 0,000651 
160 0.333 60 0.000741 
с а 0.039 i umen 
39 0.0421 120 0.001119 
405 0.08 149 0.001274 
80 00569 EE 0.001478 
Note: Tho letters s, x, and xx 
100 0.066 іл the columns of Schedule Num- 
120 0.0753 bers indicate Standard, Extra 
140 0.0905 Strong, and Double Extra Strong 
160 0.1052 pipe, respectively. 





^ АР оо = C,Co/p psi/100 ft, with p in Ib/cuft. 
(Crane Co. Flow of Fluids through Fittings, Valves and Pipes, Crane Co., New York, 1982). 


EXAMPLE 6.4 

Pressure Drop in Nonisothermal Liquid Flow 
Ой is pumped at the rate of 6000 lb/hr through a reactor made of 
commercial steel pipe 1.278in. ID and 2000ftlong. The inlet 
condition is 400°F and 750 psia. The temperature of the outlet is 
930°F and the pressure is to be found. The temperature varies with 
the distance, L ft, along the reactor according to the equation 


T = 1500 — 1100ехр(-0.00032871.) (°F) 


The viscosity and density vary with temperature according to the 
equations 


u ( 7445.3 
# = ерт 459.6 
о =0.936 — 0.000367, g/mL. 


- 6.1076), cP, 


Round’s equation applies for the friction factor: 


"ELM 4(6000) 29,641 
Re Он л(1.278/12)2.42и u ’ 
_ 0.00015(12) _ 


e/D 1938 = 0.00141, 





14 ! ExamrPle &.4:Pressure 
in nonisothermal flom 

2й READ L.F.D ! р = lensth 
rement 

ia DATA 6,750,208 

44 GOSUB 18а 

Әй 11=1 

64 GOSUB 150 

YA 11=1 

За LzL«D 

Әй GOSUB 18a 

Р-Р-.ӘЖПЖЕСІ1-ІЗ 

GOSUB 15а 

IF 151800 THEM 

сато та 

ЕМО 

DISP USING 168 ; 

,l1A080XF,P 

IMAGE 0000,.2%.000.0,2%,000.0 

,2x.0.DD,2Xx.0DD.D 


drag 


inc 


14 


(,Т.Кі/ізйй 


170 КЕТПЕН 

150 T-15080-118BXEXPC-C. BBO3287XL 
23 

198 М-ЕХР(7445.3/<7%459.652-6. ір? 
б» 

266 R-.936-.08B36xXT 


Кі-г9641/М 
г21;6364/106<.135%.00141%6.5 
“Roce 

І-.ЗЕЗЖЕУЕ 

КЕТПЕН 
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f 1.6364 
7 [In[0.135(0.00141) + 6.5/ Ns. ' 





The differential pressure is given by 





_ 08i? _ 8(6000/3600)2 
ар “ұл ор dL = уут, 4р(1.228/129%144)/ dL 
- 0.5687 dL, ря, 


L L 
p-75- | 282 at 750- | таг. 
o L o 


The pressure profile is found by integration with the 
trapezoidal rule over 200 ft increments. The computer program and 
the printout are shown. The outlet pressure is 700.1 psia. 

For comparison, taking an average temperature of 665°F, 


и=1.670, р-0.697 
М..-:17,700, /-0.00291, 











Рош = 702.5. 
М 
Ве 
1. T 1500 100f P 
а $86.4 2.3 4.85 758.8 
san дүй. й 4.4 2.99 таз в 
4йй 535.5 Я 3.49 Үз Я 
660 596.9 11.6 3.16 732.5 
ВИЙ 554.4 16.7 2.98 727.9 
1Айй 788.2 22.7 2.88 7123.2 
1208 758.5 29.5 2.69 718.5 
1408 265.7 37.1 2.61 713.9 
1606 849.9 45.2 2.55 7849.3 
18808 291.3 53.8 2.51 784.7 
2ай 330.0 62.7 2.47 788.1 
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TABLE 6.4. Equivalent Lengths of Pipe Fittings? 


radius 
eil 











? Length of straight pipe (ft) giving equivalent resistance. 
(Hicks and Edwards, Pump Application Engineering, McGraw-Hill, 


New York, 1971). 


POWER REQUIREMENTS 


A convenient formula in common engineering units for power 
consumption in the transfer of liquids is 


P- (volumetric flow rate)(pressure difference) 
(equipment efficiency) 
_ (gals/min)(lb/sq іп.) 
7 1714(fractional pump eff)(fractional driver eff) 








horsepower. 
(6.302) 


Efficiency data of drivers are in Chapter 4 and of pumps in Chapter 
7. For example, with 500 gpm, a pressure difference of 75 psi, pump 
efficiency of 0.7, and driver efficiency of 0.9, the power requirement 
is 32.9 HP or 24.5 kw. 


6.4. PIPELINE NETWORKS 


A system for distribution of fluids such as cooling water in a process 
plant consísts of many interconnecting pipes in series, parallel, or 
branches. For purposes of analysis, a point at which several lines 
meet is called a node and each is assigned a number as on thc figure 
of Example 6.6. А flow rate from node i to node j is designated as 
Qj; the same subscript notation is used for other characteristics of 
the line such as f, L, D, and Nge- 

Three principles are applicable to establishing flow rates, 
pressures, and dimensions throughout the network: 


1. Each node į is characterized by a unique pressure Р.. 
2. А material balance is preserved at each node: total flow in equals 
total flow out, or net flow equals zero. 


3. The friction equation Р, — Р, = (8p/g,2")f,L,02/D}, applies to 
the line connecting node і with j. 


In the usual network problem, the terminal pressures, line 
lengths, and line diameters are specified and the flow rates through- 
out are required to be found. The solution can be generalized, 
however, to determine other unknown quantities equal in number 
to the number of independent friction equations that describe the 
network. Tbe procedure is illustrated with the network of Example 
6.6. 

The three lines in parallel between nodes 2 and 5 have the 
same pressure drop Р, — Ps. In series lines such as 37 and 76 the 
flow rate is the same and a single equation represents friction in the 
series: 


P- P= kQss( [ОЗ + 1.3/0). 


The number of flow rates involved is the same as the number of 
lines in the network, which is 9, plus the number of supply and 
destination lines, which is 5, for a total of 14. The number of 
material balances equals the number of nodes plus one for the 
overall balance, making a total of 7. 

The solution of the problem requires 14 — 7 = 7 more relations 
to be established. These are any set of 7 friction equations that 
involve the pressures at all the nodes. The material balances and 
pressure drop equations for this example are tabulated. 

From Eqs. (4)-(10) of Example 6.6, any combination of seven 
quantities О; and/or L; and/or Dj; can be found. Assuming that the 
Qj are to be found, estimates of all seven are made to start, and the 
corresponding Reynolds numbers and friction factors are found 
from Eqs. (2) and (3). Improved values of the О, then are found 


TABLE 6.5. Velocity Head Factors of Pipe Fittings? 
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* h = Ku*/2g,, ft of fluid. 


(Hydraulic Institute, Cleveland, OH, 1957). 
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TABLE 6.6. Velocity Head Factors of Pipe Fittings? 











Fitting type к, Ka 

Standard (А/В = 1), screwed 800 0.40 
Standard (A/D = 1), flanged/welded 800 0.25 
Long-radius (R/D = 1,5}, all types 800 0.20 
1 Weld (90? angle) 1,000 1.15 
Mitered 2 Weld (45% angles) 800 0.35 
elbows 3 Weld (30° angles) 800 0.30 
(8/0=1.5) | 4 Weld (227° angles) 800 0.27 
Elbows 5 Weld (18? angles) 800 0.25 
Standard (R/D = 1), all types 500 0.20 
Long-radius (R/D = 1.5), all types 500 0.15 
Mitered, 1 weld, 45° angle 500 0.25 
Mitered, 2 weld, 22%° angles 500 0.15 
Standard (8/0 = 1), screwed 1,000 0.60 
180° Standard {A/D = 1), flanged/welded 1,000 0.35 
Long radius (A/D = 1.5), all types 1,000 0.30 
Standard, screwed 500 0.70 
Used Long-radius, screwed 800 0.40 
ы Standard, flanged or welded 800 0.80 

elbow in. 1, . 
Tees Stub-in-type branch 000 1.00 
Run- Screwed 200 0.10 
through | Flanged or welded 150 0.50 
Stub-in-type branch 100 0.00 
Full line size, В = 1.0 300 0.10 
Reduced trim, В = 0.9 500 0.15 
Reduced trim, 5 = 0.8 1,000 0.25 
Globe, standard 1,500 4.00 
Val Globe, angle or Y-type 1,000 2.00 
aves | Diaphragm, dam type 1,000 2.00 
Butterfly 800 0.25 
Lift 2,000 10.00 
Check | Swing 1,500 1.50 
Tilting-disk 1,000 0.50 


Note: Use R/D = 1.5 values for A/D = 5 pipe bends, 45° to 180°. 
Use appropriate tee values for flow through crosses. 


а Inlet, flush, К = 160/ М. + 0.5. Inlet, intruding, К = 160/Ng, = 1.0. 
Exit, К = 1.0. К = K4/ Мне + K;(1-- 1/0), with D in inches. 
(Hooper, Chem. Eng. 96-100 (24 Aug. 1981)]. 


from Egs. (4)-(10) with the aid of the Newton-Raphson method 
for simultaneous nonlinear equations. 

Some simplification is permissible for water distribution 
systems in metallic pipes. Then the Hazen-Williams formula is 
adequate, namely 


Ah = AP/p = 4.727140 /130)185? / D457% (6.31) 
with linear dimensions in ft and О іп cuft/sec. The iterative solution 
method for flowrate distribution of Hardy Cross is popular. 
Examples of that procedure are presented in many books on fluid 
mechanics, for example, those of Bober and Kenyon (Fluid 
Mechanics, Wiley, New York, 1980) and Streeter and Wylie (Fluid 
Mechanics, McGraw-Hill, New York, 1979). 

With particularly simple networks, some rearrangement of 
equations sometimes can be made to simplify the solution. Example 
6.7 is of such a case. 


6.5. OPTIMUM PIPE DIAMETER 


In a chemical plant the capital investment in process piping is in the 
range of 25-40% of the total plant investment, and the power 
consumption for pumping, which depends on the line size, is а 
substantial fraction of the total cost of utilities. Accordingly, 
economic optimization of pipe size is a necessary aspect of plant 
design. As the diameter of a line increases, its cost goes up but is 
accompanied by decreases in consumption of utilities and costs of 
pumps and drivers because of reduced friction. Somewhere there is 
an optimum balance between operating cost and annual capital cost. 

For small capacitics and short lines, near optimum line sizes 
may be obtained on the basis of typical velocities or pressure drops 
such as those of Table 6.2. When large capacities are involved and 
lines are long and expensive materials of construction are needed, 
the selection of line diameters may need to be subjected to 
complete economic analysis. Still another kind of factor may 
need to be taken into account with highly viscous materials: 
the possibility that heating the fluid may pay off by reducing the 
viscosity and consequently the power requirement. 

Adequate information must be available for installed costs of 
piping and pumping equipment. Although suppliers quotations are 
desirable, published correlations may be adequate. Some data and 
references to other published sources are given in Chapter 20. A 
simplification in locating the optimum usually is permissible by 
ignoring the costs of pumps and drivers since they are essentially 
insensitive to pipe diameter near the optimum value. This fact is 
clear in Example 6.8 for instance and in the examples worked out 
by Happel and Jordan (Chemical Process Economics, Dekker, New 
York, 1975). 

Two shortcut rules have been derived by Peters and 
Timmerhaus (1980; listed in Chapter 1 References) for optimum 
diameters of steel pipes of 1-іп. size or greater, for turbulent and 
laminar flow: 


D= 3.9994590.13. 
D= 3.090 54°48, 


turbulent flow, (6.32) 


laminar flow. (6.33) 
D is in inches, О in cuft/sec, р in Ib/cuft, and и in cP. The factors 
involved in the derivation are: power cost = 0.055/kWh, friction 
loss due to fittings is 35% that of the straight length, annual fixed 
charges are 20% of installation cost, pump efficiency is 50%, and 
cost of 1-in. IPS schedule 40 pipe is $0.45/ft. Formulas that take 
additional factors into account also are developed in that book. 

Other detailed studies of line optimization are made by Happel 
and Jordan (Chemical Process Economics, Dekker, New York, 
1975) and by Skelland (1967). The latter works out a problem in 
simultaneous optimization of pipe diameter and pumping tem- 
perature in laminar flow. 

Example 6.8 takes into account pump costs, alternate kinds of 
drivers, and alloy construction. 


6.6. NON-NEWTONIAN LIQUIDS 


Not all classes of fluids conform to the frictional behavior described 
in Section 6.3. This section will describe the commonly recognized 
types of liquids, from the point of view of flow behavior, and will 
summarize the data and techniques that are used for analyzing 
friction in such lines. 


VISCOSITY BEHAVIOR 


The distinction in question between different fluids is in their 
viscosity behavior, or relation between shear stress т (force per unit 
area) and the rate of deformation expressed as a lateral velocity 
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EXAMPLE 6.5 А АР ў _ 
Comparison of Pressure Drops іп а Line with Several Sets of Table 6.4, (pu*/2g)) D (1738) = 61.3, 
Fittings Resistances AP Loa 
The flow considered is in a 12-inch steel line at a Reynolds number Table 6.5, (pug. = fp* У К, 
of 6000. With e = 0.00015, Round's equation gives f = 0.0353. Тһе (ри 2g.) 
line composition and values of fittings resistances are: E 0.0353(1000) +9.00 = 44.3 
1 . 13, 
Table 6.6 АР 
Table 5.4 Table 6.5 Table 6.6, (pi? 2g) = 35.3 + 8.64 = 43.9. 
L K к, к, к ° 
Ling i 1000 - — — — The value K — 0.05 for gate valve from Table 6.5 appears to be 
4 tees, branched 2 0.25 200 045 0.245 low: Chemical Engineering Handbook, for example, gives 0.17, 
2 gate valves, open 7 0.05 300 0.10 0.158 more nearly in line with that from Table 6.6. The equivalent length 
1 globe valve _340 5.4 1500 4.00 4.58 method of Table 6.4 gives high pressure drops; although 
1738 9.00 8.64 convenient, it is not widely used. 
EXAMPLE 6.6 Friction factor: 
A Network of Pipelines in Series, Parallel, and Branches: the 
Sketch, Material Balances, and Pressure Drop Equations Jig = 1.6364/[In(e/ Dj + 6.5/(Ng );)T. (3) 
Pressure drop: 
> 2705 ains Pressure drops in key lines: 
АР, = (8р/в.л Wily 10% = КОБ», (1) 
Ару = P, — Р, – kaLi Qi Din = 0, (4) 
Apo; = P; — Р, – Крз13035310%, = 0, (5) 
Ар» = P,— Ps= ОЗУ (6) 
= Kf 2LE (QB) (DRY (7) 
= KF (ОЗУ DRS, (8) 
Ар» = Py — Ps — kfasLasQisl Dis = 0, (9) 
Ар» = Ps — Ps — kfss LseQ56/ Die = 0 (10) 
Node Material Balance at Node: 
1 Qoi – Qy2— Q,4=0 (11) 
2 Qi; - Q3, - аш = ож = ош =0 (12) 
3 Ооз + 0,;- Q4, =0 (13) 
4 O44 — 04,- Q44-0 (14) 
Reynolds number: 5 Qas + Ob + aP + oS 0,-0--0 (15) 
6 Озв + 08- 26-09 (16) 
(Ng ij = 4Quo/ три. (2) Overall ^ Qg, + Qos — Q4, — Ago - Ogg = 0 (17) 
EXAMPLE 6.7 
Flow of Cil in a Branched Pipeline 
The pipeline handles an oil with sp gr — 0.92 and kinematic viscosity 
of Scentistokes(cS} at a total rate of 12,000 cuft/hr. All three 
pumps have the same output pressure. At point 5 the elevation is 
100 ft and the pressure is 2 atm gage. Elevations at the other points 
are zero. Line dimensions are tabulated following. The flow rates in 
each of the lines and the total power requirement will be found. Q4 + Q, + Q3 = Q, = 12,000/3600 = 3.333 cfs (1) 
М 40 _ 40 23,6570 
Ес m т 
Line в) D (ft) zDV  zD(5/92,900) D 
14 1000 04 59,1420, 
24 2000 0.5 = 47,3130), (2) 
34 1500 0.3 78,5560, 
45 4000 0.75 31,5420., 
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EXAMPLE 6.7—(continued) 











є = 0.00015 ft, 
hy = sg, = 0.0251fLQ2/D* ft, (3) 
hp =hp hg, (4) 
li i 03 а " 
o.-o [£^ " Jy =1. ns(5) o, (6) 
о,= о (3 yy =0. m) о, (7) 
од іі. zs (A j^ +0. эт), ]- Q, 23.333, (8) 

1.6364 





Ў = 11502:0301073)7р + 65/N..] 
For line 45, 


(№) = 31542 (3.333) = 105,140, 





Ja = 0.01881, 
_ 0.02517(0. 01881)(4000)(3.333)” 
(АРА (0,75) = 88.65 ft. 
Procedure: 


1. As a first trial assume f, = f; =}, and find Q, = 1.266 from Eq. 
(8). 

. Find Q, and Оз from Eqs. (6) and (7). 

3. With these values of the Q,, find improved values of the f; and 
hence improved values of Q, and О from Eqs. (6) and (7). 

. Check how closely О, + Q; + Оз - 3.333 = 0. 

. If check is not close enough, adjust the value of Q, and repeat 
the calculations. 


t2 


Und 


The two trials shown following prove to be adequate. 


о, а, о, О,  10/3-Q, & 
1.2660 1.5757 0.4739 3.3156 0.0023 0.02069 
1.2707 1.5554 0.5073 3.3334 0.0001 0.02068 


Summary: 


Line Noe ғ о в, 
14 75,152 0.02068 1.2707 82.08 
24 60,121 0.02106 1.5554 82.08 
34 99,821 0.02053 0.5073 82.08 
45 105,140 0.01881 3.3333 88.65 


0.02517(0.02068)(1000)(1.2707у2 
(0.4) 





hg m һу = Руза = = 82.08 ft. 


Velocity head at discharge: 





и? -( 0, 


2 
227% cap) — 0.88 ft. 


Total head at pumps: 


p = 20117) 
Р 0.92(62.4) 
+ 0.88 + 82.08 + 88.65 
= 345.36 ft. 


+ 100 


Power 


-у04й, 
0.92(62.4)(10/3)345.36 
= 66,088 ft Ib/sec 

120.2 НР, 89.6 kW. 


14 ! Examele 6.7: tlow in a bran 
ched rFireline 

зи БЕНО Di.D2.D3.L1.L2.L3 

28 DATA .4..5..3.1B888.z80584.158 

ай INPUT 891 

58 Әг-і.2352Ж01 

66 03-.397ҮЖ01 

та R1=59142kG01 

86 R2-47313x01 

90 R2-78556Xhni 

ійй Fi- 1.6364/LOG¢ .135*. 8815/01 
+6. S5-R1iaee 

11й FP2=1.6464/L0G6¢ 135%. 66815-De 
+6. кала 

126 F3=1.6364-LO0G¢ 1355Ж. й8015ғ03 

+6 S/R 392 

134 O2=1 2352kOL ECF i-F25-.5 ! im 
Proved value 

140 93=. S297 7KO1 XCF LF 39" 5 ! imr 
roved value 

158 Х-ій/3-01-02-03 ! should be 
less than 4.6901 

168 DISP X.G1,.,02.ü03 

176 GOTO 4&8 ! choose another val 
ue of Bi if condition of ste 
P 158 is not satisfied 

1858 ЕМГ. 


Dor 


ғ 








EXAMPLE 6.8 

Economic Optimum Pipe Size for Pumping Hot Oil with a 

Motor or Turbine Drive 
A centrifugal pump and its spare handle 1000gpm of an oil at 
500?F. Its specific gravity is 0.81 and its viscosity is 3.0 cP. The 
length of the line is 600 ft and its equivalent length with valves and 
other fittings is 900 ft. There are 12 gate valves, two check valves, 
and one control valve. 

Suction pressure at the pumps is atmospheric; the pump head 
exclusive of line friction is 120 psi. Pump efficiency is 71%. Material 
of construction of line and pumps is 316 SS. Operation is 8000 hr/yr. 


Characteristics of the alternate pump drives are: 


a. 


Turbines are 3600rpm, exhaust pressure is 0.75 bar, inlet 
pressure is 20 bar, turbine efficiency is 45%. Value of the high 
pressure steam is $5.25/10001bs; that of the exhaust is 
$0.75/1000 Ibs. 


. Motors have efficiency of 90%, cost of electricity is $0.065/kWh. 


Cost data are: 


. Installed cost of pipe is 7.5D $/ft and that of valves is 600297 $ 


each, where D is the nominal pipe size in inches. 


EXAMPLE 6.8—(continued) 


2. Purchase costs of pumps, motors and drives are taken from 
Manual of Economic Analysis of Chemical Processes, Institut 
Francais du Petrole (McGraw-Hill, New York, 1976). 

3. All prices are as of mid-1975. Escalation to the end of 1984 
requires a factor of 1.8. However, the location of the optimum 
will be approximately independent of the escalation if it is 
assumed that equipment and utility prices escalate approximately 
uniformly; so the analysis is made in terms of the 1975 prices. 
Annual capital cost is 50% of the installed price/year. 


The summary shows that a 6-in. line is optimum with motor 
drive, and an 8-іп. line with turbine drive. Both optima аге 
insensitive to linc sizes іп the range of 6-10 in. 


Q — 1000/(7.48)(60) — 2.2282 cfs, 
4Qp 40.2282)(0.81)(62.4) 71,128 


227.2 т3/Һт, 




















T = = 
№ = рр л(0.000672/5)р D’ 
_ Г 0.135(0.00015) | 6.50 | 
f = 1.6364 In D 7.98] 
Pump head: 
120(144) + SLR 


? 0.81(62.4) өлер” 
= 341.88 + 124.98f | D? ft. 


Motor power: 


p = QP р _ 2228250.54) , 
"рп, ^ 550(0.71(0.90)) ” 
=0.3204h,, HP 





Turbine power: 


_ 2.2282(50.54) _ 
отр e -0-2883и,, HP. 
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Steam 


= 10.14 kg/HP (from the manual") 
= 10.14(0.2883)(2.204)h,, /1000 = 0.006443й,, 


1000 Ib/hr. 
Power cost: 

0.065(8000)(kw), $/yr, 
Steam cost: 


4.5(8000)(1000 Ib/hr), $/yr. 


Installed pump cost factors for alloy, temperature, etc (data in the 
"manual") 


= 2(2.5(1.8)(1.3)(0.71)] = 8.2. 


Summary: 

IPS 4 6 8 10 

D (ft) 0.3355 0.5054 0.6651 0.8350 
1007 1.89 1.87 1.89 1.93 
h (ft) 898 413 360 348 
Pump efficiency 0.71 0.71 0.71 0.71 
motor (kW) 214.6 98.7 86.0 83.2 
Steam, 1000 Ib/hr 5.97 2.66 2.32 2.25 
Pump cost, 2 installed 50,000 28,000 28,000 28,000 
Motor cost, 2 installed 36,000 16,000 14,000 14,000 
Turbine cost, 2 installed 56,000 32,000 28,000 28,000 
Pipe cost 18,000 27,000 36,000 45,000 
Valve cost 23,750 31,546 38,584 45,107 
Equip cost, motor drive 127,750 93,546 107,584 123,107 
Equip cost, turbine drive 147,750 109,546 121,584 137,107 
Power cost ($/yr) 111,592 51,324 44,720 43,264 
Steam cost ($/yr) 208,440 95,760 83,520 80,834 
Annual cost, motor drive 175,467 98,097 98,512 104,817 
Annual cost, turbine drive 282,315 150,533 144,312 149,387 





gradient, y — du/dx. Тһе concept is represented on Figure 6.2(а): 
one of the planes is subjected to a shear stress and is translated 
parallel to a fixed plane at a constant velocity but a velocity gradient 
is developed between the planes. The relation between the variables 
may be written 

t= F/A = u(duldx) = uy, (6.34) 
where, by definition, и is the viscosity. In the simplest case, the 
viscosity is constant, and the fluid is called Newtonian. In the other 
cases, more complex relations between т and y involving more than 
one constant are needed, and dependence on time also may be 
present. Classifications of non-Newtonian fluids are made according 
to the relation between т and у by formula or shape of plot, or 
according to the mechanism of the resistance of the fluid to 
deformation. 

The concept of an apparent viscosity 

ш-т/у (6.35) 
is useful. In the Newtonian case И is constant, but in general it can 


be a function of т, 7, and time Ө. 
Non-Newtonian behavior occurs in solutions or melts of 


polymers and in suspensions of solids in liquids. Some т-% plots are 
shown in Figure 6.2, and the main classes are described following. 

1. Pseudoplastic liquids have a т-у plot that is concave 
downward. The simplest mathematical representation of such 
relations is a power law 

t=Ky", n«1 (6.36) 
with n « 1. This equation has two constants; others with many more 
than two constants also have been proposed. The apparent viscosity 
is 

ш-т/у- КІР". (6.37) 
Since n is less than unity, the apparent viscosity decreases with the 
deformation rate. Examples of such materials are some polymeric 
solutions or melts such as rubbers, cellulose acetate and napalm; 
suspensions such as paints, mayonnaise, paper pulp, or detergent 
slurries; and dilute suspensions of inert solids. Pseudoplastic 
properties of wallpaper paste account for good spreading and 
adhesion, and those of printing inks prevent their running at low 
speeds yet allow them to spread easily in high speed machines. 

2. Dilatant liquids have rheological behavior essentially 


104 FLOW OF FLUIDS 





(a) 





Bingham plastic 





E 
4 ы = 
E E 3 
5 Pseudoplastic 
= 
179) 

0 

0 Deformation rate |du/dy| log {du 25| tog [7| 
(b) (c) (d) 


Thixotropic 


increasing 


Shear Decreasing Pseudoplastic 


Shear (no Hysteresis) 


Rheopectic 


Rate of shear -- 


Decreasing 
Shear 





Thixotropic Increasing 
Shear 





Shearing stress ———- 
(e) (f) 
Figure 6.2. Relations between shear stress, deformation rate, and viscosity of several classes of fluids. (a) Distribution of velocities of a fluid 
between two layers of areas A which are moving relatively to each other at a distance x under influence of a force F. In the simplest case, 
F/A = u(du/dx) with и constant. (b) Linear plot of shear stress against deformation. (с) Logarithmic plot of shear stress against deformation 
rate. (4) Viscosity as a function of shear stress. (е) Time-dependent viscosity behavior of a rheopectic fluid (thixotropic behavior is shown by 
the dashed line). (f) Hysteresis loops of time-dependent fluids (arrows show the chronology of imposed shear stress). 


opposite those of pseudoplastics insofar as viscosity behavior is 
concerned. The т-у plots are concave upward and the power law 
applies 

t=Ky", n^i, (6.38) 
but with п greater than unity; other mathematical relations also 
have been proposed. The apparent viscosity, p, = Кў” !, increases 
with deformation rate. Examples of dilatant materials arc 
pigment-vehicle suspensions such as paints and printing inks of high 
concentrations; starch, potassium silicate, and gum arabic in water; 
quicksand or beach sand in water. Dilatant properties of wet 
cement aggregates permit tamping operations in which small 
impulses produce more complete settling. Vinyl resin plastisols 
exhibit pseudoplastic behavior at low deformation rates and dilatant 
behavior at higher ones. 

3. Bingham plastics require a finite amount of shear stress 
before deformation begins, then the deformation rate is linear. 
Mathematically, 

т = To + ug(du/dx) = To + нау, (6.39) 
where ив is called the coefficient of plastic viscosity. Examples of 
materials that approximate Bingham behavior are drilling muds; 
suspensions of chalk, grains, and thoria; and sewage sludge. 
Bingham characteristics allow toothpaste to stay on the brush. 

4. Generalized Bingham оғ yield-power law fluids аге 
represented by the equation 


т-т Kj. (6.40) 


Yield-dilatant (п>1) materials are rare but several cases of 


0.50 
Shear Rate, бес! 
во 





0.45 ғ 





0.40 - 


0.35 | 


0.30 


е 
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o 
m 
о 





0.15 
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--О---О- 
010 918 
0.05 
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Figure 6.3. Time-dependent rheological behavior of a rheopectic 
fluid, a 2000 molecular weight polyester [after Steg and Katz, J. 
Appl. Polym. Sci. 9, 3177 (1965)]. 
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yield-pseudoplastics exist. For instance, data from the literature of a 
20% clay in water suspension are represented by the numbers 
T= 7.3 dyn/cm?, К = 1.296 dyn(sec)"/cm? and п = 0.483 (Govier 
and Aziz, 1972, p. 40). Solutions of 0.5-5.0% carboxypolymethylene 
also exhibit this kind of behavior, but at lower concentrations the yield 
stress is zero. 

5. Rheopectic fluids have apparent viscosities that increase with 
time, particularly at high rates of shear as shown on Figure 6.3. Figure 
6.2(f) indicates typical hysteresis effects for such materials. Some 
examples are suspensions of gypsum in water, bentonite sols, vanadium 
pentoxide sols, and the polyester of Figure 6.3. 

6. Thixotropic fluids have а time-dependent rheological 
behavior in which the shear stress diminishes with time at a constant 
deformation rate, and exhibits hysteresis [Fig. 6.2(f)]. Among the 
substances that bchave this way are some paints, ketchup, gelatine 
solutions, mayonnaise, margarine, mustard, honey, and shaving 
cream. Nondrip paints, for example, are thick in the can but thin on 
the brush. The time-effect in the case of the thixotropic crude of 
Figure 6.4(a) diminishes at high rates of deformation. For the same 
crude, Figure 6.4(b) represents the variation of pressure gradient in 
a pipe line with time and axial position; the gradient varies fivefold 
over a distance of about 2 miles after 200 min. А relatively simple 
relation involving five constants to represent thixotropic behavior is 
cited by Govier and Aziz (1972, p. 43): 


(6.41) 
(6.42) 


t (Ho + сА)ӯ, 
44/40 =a — (а + by). 


The constants uo, 4, b, and c and the structural parameter À are 
obtained from rheological measurements in a straightforward 
manner. 

7. Viscoelastic fluids have the ability of partially recovering 
their original states after stress is removed. Essentially all molten 
polymers are viscoelastic as are solutions of long chain molecules 
such as polyethylene oxide, polyacrylamides, sodium carboxy- 
methylcellulose, and others. More homely examples are egg 
whites, dough, jello, and puddings, as well as bitumen and napalm. 
This property enables eggwhites to entrap air, molten polymers to 
form threads, and such fluids to climb up rotating shafts whereas 
purely viscous materials are depressed by the centrifugal force. 

Two concepts of deformability that normally are applied only 
to solids, but appear to have examples of gradation between solids 
and liquids, are those of shear modulus E, which is 


E — shear stress/deformation, (6.43) 


and relaxation time 0*, which is defined in the relation between the 
residual stress and the time after release of an imposed shear stress, 
namely, 


T = t; exp(— 8/07). (6.44) 


A range of values of the shear modulus (in kgf/cm?) is 


Gelatine 
0.596 solution 4x10 7? 
10% solution (jelly) 5х 1072 
Raw rubber 12 x 10? 
Lead 4.8 x 10* 
Wood (oak) 8х 10° 
Steel 8x10? 


АР 
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Duration of 
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Temperature 44.5°F 
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Figure 6.4. Shear and pipeline flow data of a thixotropic Pembina 
crude oil at 44.5?F. (a) Rheograms relating shear stress and rate of 
shear at several constant durations of shear (Ritter and Govier, 
Can. J. Chem. Eng. 48, 505 (1970)]. (b) Decay of pressure gradient 
of the fluid flowing from a condition of rest at 15,000 barrels/day in 
a 12in. line [Ritter and Batycky, SPE Journal 7, 369 (1967)]. 


and that of relaxation time (sec) is 


Water 3x10? 
Castor oil 2x10? 
Сора! varnish 2x10 
Colophony (at 55°С} 5x10 
Gelatine, 0.5% solution 8x 10° 
Colophony (at 12*C) 4 x 109 
Ideal solids = 


Examples thus appear to exist of gradations between the properties 
of normally recognized true liquids (water) and true solids. 

Elastic propertics usually have a negligible cffect on resistance 
to flow in straight pipes, but examples have been noted that the 
resistances of fittings may be as much as 10 times as great for 
viscoelastic liquids as for Newtonian ones. 


PIPELINE DESIGN 


The sizing of pipelines for non-Newtonian liquids may be based on 
scaleup of tests made under the conditions at which the proposed 
line is to operate, without prior determination and correlation of 
rheological properties. А body of theory and some correlations are 
available for design with four mathematical models: 


Ty = Ку”, power law, (6.45) 
Ty =T, + By, Bingham plastic, (6.46) 
Ty =T, + Ky", Generalized Bingham or 

yield-power law, (6.47) 


t, = K'(8V/D)y" Generalized power law 


(Metzner-Reed) (AICHE J. 1, 434, 1955). 
(6.48) 


In the last model, the parameters may be somewhat dependent on 
the shear stress and deformation rate, and should be determined at 
magnitudes of those quantities near those to be applied in the plant. 
The shear stress т,, at the wall is independent of the model and 
is derived from pressure drop measurements as 
T, = DAP/AL. (6.49) 


Friction Factor. In rheological literature the friction factor is 
defined as 





DAP 
f= Tove, (6.50) 
Т, 
"ABS (6.51) 


This value is one-fourth of the friction factor used in Section 6.3. 
For the sake of consistency with the literature, the definition of Eq. 
(6.50) will be used with non-Newtonian fluids in the present section. 
Table 6.2 lists theoretical equations for friction factors in 
laminar flows. In terms of the generalized power law, Eq. (6.48), 


_ y K'(8V/D)" 
 pV^Dg,  pV^[g. 
_ 16 

АЛАТА 





f 





(6.52) 


By analogy with the Newtonian relation, f —16/Re, the 
denominator of Eq. (6.52) is designated as a modified Reynolds 
number, 

Reg = D” V?" p/g K'8" ^, (6.53) 


The subscript MR designates Metzner-Reed, who introduced this 
form. 


Scale Up. The design of pipelines and other equipment for 
handling non-Newtonian fluids may be based on model equations 
with parameters obtained on the basis of measurements with 
viscometers or with pipelines of substantial diameter. The shapes of 
plots of т,, against 7 ог 8V/D may reveal the appropriate model. 
Examples 6.9 and 6.10 are such analyses. 

In critical cases of substantial economic importancc, it may be 
advisable to perform flow tests—Q against AP—in lines of 
moderate size and to scale up the results to plant size, without 
necessarily trying to fit one of the accepted models. Among the 
effects that may not Бе accounted for by such models are time 





EXAMPLE 6.9 

Analysis of Data Obtained in a Capillary Tube Viscometer 
Data were obtained on a paper pulp with specific gravity 1.3, and 
are given as the first four columns of the table. Shear stress т„ and 
deformation rate ў are derived by the equations applying to this 
kind of viscometer (Skelland, 1967, p. 31; Van Wazer et al., 1963, 
p. 197): 


1, = DAP/AL, 
. 3n't1/8 
YU dms (5) 
o dln(r,) 

"74 шв//р) 


The plot of log z,, against log (8SV/D) shows some scatter but is 
approximated by a straight line with equation 


ty = 1.320(8V / D^, 
Since 
y = (2.53/2.08)(8V / D), 


the relation between shear stress and deformation is given by the 
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equation 
Ty = 1.203595! 


D L т P  8V/D т, 
(cm) (cm) (g/sec) (Pa) (1/sec) (Pa) 
015 14 0.20 3200 464 8.57 
0.15 14 0.02 1200 46.4 3.21 
0,30 28 0.46 1950 133.5 5.22 
0.30 28 0.10 860 29.0 2.30 





EXAMPLE 6.10 

Parameters of the Bingham Model from Measurements of 

Pressure Drops in a Line 
Data of pressure drop in the flow of a 60% limestone slurry of 
density 1.607 g/ml were taken by Thomas [Ind. Eng. Chem. 55, 
18-29 (1963)]. They were converted into data of wall shear stress 
т, = DAP/AL against the shear rate 8V/D and are plotted on the 
figure for three line sizes. 

The Buckingham equation for Bingham flow in the laminar 





region is 
8V т, 4 (=) 1(2)) 
pef: 3%, *3 T. 


~i (ь-%) 
Ир w 319 


The second expression is obtained by neglecting the fourth-power 
term. The Bingham viscosity ug is the slope of the plot in the 
laminar region and is found from the terminal points as 

ив = (73-50)/(347-0) = 0.067 dyn sec/cm?. 


From the reduced Buckingham equation, 


то 6.75%, 
= 37.5. 


(at 8V/D -0) 


Accordingly, the Bingham model is represented by 
Ty = 37.5 + 0.067(8V/D), dyn/cm? 


with time in seconds. 
Transitions from laminar to turbulent flow may be identified off 
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7.75 (critical not reached). 


The transition points also can be estimated from Hanks’ correlation 
[AIChE J. 9, 45, 306 (1963)] which involves these expressions: 


хе = (то/т.Әо 

He = D’top/ u 

x,/(1 —х.} = He/16,800, 

Reg, = (1 — $x, + 4x4)He/8x,. 
The critical linear velocity finally is evaluated from the critical 
Reynolds number of the last equation with the following results; 
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EXAMPLES 6.10—(continued) 


Dicm) 10^*He x, Reg V, 
2.06 5.7 0.479 5635 114(120) 
4.04 220 0.635 8945  93(109) 
7.75 810 0.750 14272 77 


The numbers in parentheses correspond to the break points оп the 
figure and agree roughly with the calculated values. 

The solution of this problem is based on that of Wasp et al. 
(1977). 





dependence, pipe roughness, pipe fitting resistance, wall slippage, 
and viscoelastic behavior. Although some effort has been devoted 
to them, none of these particular effects has been well correlated. 
Viscoelasticity has been found to have little effect on friction in 
straight lines but does have a substantial effect on the resistance of 
pipe fittings. Pipe roughness often is accounted for by assuming that 
the relative effects of different roughness ratios £/D are represented 
by the Colebrook equation (Eq. 6.20) for Newtonian fluids. Wall 
slippage due to trace amounts of some polymers in solution is an 
active field of research (Hoyt, 1972) and is not well predictable. 

The scant literature on pipeline scaleup is reviewed by 
Heywood (1980). Some investigators have assumed a relation of the 
form 


Ty = DAP/AL = kV?/D* 


and determined the three constants K, a, and b from measurements 
on severa] diameters of pipe. The exponent a on the velocity 
appears to be independent of the diameter if the roughness ratio 
=/р is held constant. The exponent b on the diameter has been 
found to range from 0.2 to 0.25. How much better this kind of 
analysis is than assuming that a — b, as in Eq. (6.48), has not been 
established. If it can be assumed that the effect of differences in e/D 
is small for the data of Examples 6.9 and 6.10, the measurements 
should plot as separate lines for each diameter, but such а 
distinction is not obvious on those plots in the laminar region, 
although it definitely is in the turbulent region of the limestone 
slurry data. 

Observations of the performance of existing large lines, as in 
the case of Figure 6.4, clearly yields information of value in 
analyzing the effects of some changes in operating conditions or for 
the design of new lines for the same system. 


Laminar Flow. Theoretically derived equations for volumetric 
flow rate and friction factor are included for several models in Table 
6.7. Each model employs a specially defined Reynolds number, and 
the Bingham models also involve the Hedstrom number, 

He = торр?/из. (6.54) 
These dimensionless groups also appear in empirical correlations of 
the turbulent flow region. Although even in the approximate Eq. 
(9) of Table 6.7, group He appears to affect the friction factor, 
empirical correlations such as Figure 6.5(b) and the data analysis of 
Example 6.10 indicate that the friction factor is determined by the 
Reynolds number alone, in every case by an equation of the form, 
f =16/Re, but with Re defined differently for each model. Table 
6.7 collects several relations for laminar flows of fluids. 


Transitional Flow. Reynolds numbers and friction factors at 
which the flow changes from laminar to turbulent are indicated by 
the breaks in the plots of Figures 6.4(a) and (b). For Bingham 
models, data are shown directly on Figure 6.6. For power-law 
liquids ап equation for the critical Reynolds number is due to 
Mishra and Triparthi (Trans. ІСҺЕ 51, T141 (1973)], 


_ 1400(2л + 1)(5n +3) 


Ке; (3n + 1)? 


(6.55) 


The Bingham data of Figure 6.6 are represented Бу the equations of 
Hanks [AIChE J. 9, 306 (1963)], 


HE 4 1 
(Reg). -НЕ( —3% +53), (6.56) 
Xe He 


(1х2 16,800" (6.57) 


They are employed in Example 6.10. 


Turbulent Flow. Correlations have been achieved for all four 
models, Eqs. (6.45)-(6.48). For power-law flow the correlation of 
Dodge and Metzner (1959) is shown in Figure 6.5(a) and is 
represented by the equation 


0.40 


.0 , 
Ve logu[Re, f°" ру. (6.58) 


These authors and others have demonstrated that these results can 
represent liquids with a variety of behavior over limited ranges by 


TABLE 6.7. Laminar Flow: Volumetric Flow Rate, Friction 
Factor, Reynolds Number, and Hedstrom Number 
Newtonian 
f=16/Re, Ве = ОМо/и (1) 


Power Law [Eq. (6.45)] 











0-72" ( ап Ye" (2) 
32 \3n+1/\K 
# = 16/Re' (3) 
п п—1 
re’ - ( 4n (2) » 
К \14+3n 8V, 


Bingham Plastic [Eq. (6.46)] 





o-7? [| Чт, 1 (=) | (5) 
324, [ 3t, 35, 

Reg = DVp/ ug (6) 
Не-тар?р/н? (7) 


1 f Не He* 





ш--- + solve for f) 8 

Не; 16 бНез ЗРВеё | 9 

вле [neglecting (to/t,,)* in Eq. (5)] (9) 
=~ т . 
6Reg + He 3 9 Mol Tw 3 


Generalized Bingham (Yield-Power Law) [Eq. (6.47)] 
a- aD? Ап (ау о) 
32 3n+1\K T, 


16 2H 
ie S (1-248) 








2 
xfi hejig n (2) (1+) (10) 
2п+1 п+1 \т„ Tw 
Ве” е" 


xfi 1 2He [1+ 2n 2Не (re 2) (11) 
(n-1)fRe7| (n-+1)fRe™ те? 


[Re’ by Eq. (4) and Не by Eq. (7)! 
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Figure 6.5. Friction factors in laminar and turbulent flows of power-law and Bingham liquids. (a) For pseudoplastic iiquids represented by 
ty = K'(8V/ D)", with К’ and n’ constant or dependent on т„: 1/Vf= [4.0/(n') ^^] log; „Ке, f ^" >] — 0.40/(n')"?, [Dodge and Metzner, 
AIChE $. 5, 189 (1959)]. (b) For Bingham plastics, Rep = РУр/ив, Не = toD°p/ u} [Hanks and Dadia, AIChE J. 17, 554 (1971)]. 


evaluating К’ and n' in the range of shear stress т, = DAP/4L that 
will prevail in the required situation. 

Bingham flow is represented by Figure 6.5(b) in terms of 
Reynolds and Hedstrom numbers. 

Theoretical relations for generalized Bingham flow (Еа. (6.47)] 
have been devised by Torrance |8. Afr. Mech. Eng. 13, 89 (1963)]. 
They are 


1-8 аж) M s a 





4 
+ UE In(Re7f!7"2) + 58 (5и — 8) (6.59) 
with the Reynolds number 
Re, = D"V?"pJg^"!K (6.60) 
and where 
x = Tof Ty. (6.61) 


In some ranges of operation, materials may be represented 
approximately equally well by several models, as in Example 6.11 
where the power-law and Bingham models are applied. 


6.7. GASES 


The differential energy balances of Eqs. (6.10) and (6.15) with the 
friction term of Eq. (6.18) can be integrated for compressible fluid 
flow under certain restrictions. Three cases of particular importance 
are of isentropic ог isothermal or adiabatic flows. Equations will be 
developed for them for ideal gases, and the procedure for nonideal 
gases also wili be indicated. 


ISENTROPIC FLOW 


Tn short Hines, nozzles, and orifices, friction and heat transfer may 
be neglected, which makes the flow essentially isentropic. Work 
transfer also is negligible in such equipment. The resulting theory is 
а basis of design of nozzles that will generate high velocity gases for 





CRITICAL REYNOLDS NUMBER (Ме. 











10° ло 10° 10 
HEDSTROX NUMBER (Мне) 


Figure 6.6. Critical Reynolds number for transition from laminar to 
turbulent flow of Bingham fluids. The data also are represented by 
Eqs. (6.56) and (6.57): (O) cement rock slurry; (^) river mud 
slurries; (L1) clay slurry; (4) sewage sludge; (А) ThO, slurries; (B) 
lime slurry. [Hanks and Pratt, SPE Journal, 342-346 (Рес. 1967)]. 





power production with turbines. With the assumptions indicated, 
Eq. (6.10) becomes simply 


dH + (1/g.)u du = 0, (6.62) 
which integrates into 
HH E (u2 u?) «0. (6.63) 


One of these velocities may be eliminated with the mass balance, 


т = uA V= нуА\/У, (6.64) 
so that 

из — u? = (RV, АУ — (AV JA Va]. (6.65) 
For ideal gases substitutions may be made from 

H,-H- C- Т) (6.66) 
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and 


ТТ, = (РЫР) = (УШУ. (6.67) 
After these substitutions are made into Eq. (6.63), the results may 
be solved for the mass rate of flow as 


-@@Т 


At specified mass flow rate and inlet conditions P, and V,, Eq. 
(6.68) predicts a relation between the area ratio A,/A, and the 
pressure ratio P,/P, when isentropic flow prevails. It turns out that, 
as the pressure falls, the cross section at first narrows, reaches a 
minimum at which the velocity becomes sonic; then the cross 
section increases and the velocity becomes supersonic. In a duct of 
constant cross section, the velocity remains sonic at and below a 
critical pressure ratio given by 





тг == 


(6.68) 





P (2 ye 
The sonic velocity is given by 
и, = Ve. (8P/8p)s— Ve-kRT/M,,, (6.70) 


where the last result applies to ideal gases and M,, is the molecular 
weight. 


ISOTHERMAL FLOW IN UNIFORM DUCTS 


When elevation head and work transfer are neglected, the 
mechanical energy balance equation (6.13) with the friction term of 
Eq. (6.18) become 





and the ideal gas relation 





V=PV,/P and dV/V = -аР/Р (6.73) 
so that Eq. (6.71) becomes 
PdP G? E) ж 
— + =0. 
РҮ, к, «( P) * 2gD dL=0 (6.74) 


This is imtegrated term-by-term between the inlet and outlet 
conditions, 





P-P} С? (2) JL 
2P,V, + z, In P, + 2029 (6.75) 


and may be rearranged into 


2P,V,G" [ fL P, 
Р = Рі – —1—1 0]! 


ӧс 





(6.76) 


In terms of a density, р,,, at the average pressure in the line, 


{CL 


Р-р 





(6.77) 


The average density may be found with the aid of an approximate 
evaluation of P, based on the inlet density; a second trial is never 
justified. Eqs. (6.76) and (6.77) and the approximation of Eq. 
(6.76) obtained by neglecting the logarithmic term are compared in 
Example 6.12. The restriction to ideal gases is removed in Section 
6.7.4. 


ADIABATIC FLOW 


The starting point for development of the integrated adiabatic flow 
energy balance is Eq. (6.71), and again ideal gas behavior will be 
assumed. The equation of condition of a static adiabatic process, 
PV* = const, is not applicable to the flow process; the appropriate 





fu? 
= 0. 6.71 
V dP + (1/g.)u du tiD’ 0 (6.71) 
Make the substitutions 
u=G/p=GV (6.72) 
ЕХАМРГЕ 6.11 


Pressure Drop in Power-Law and Bingham Flow 
A limestone slurry of density 1.693 g/mL is pumped through a 4-in. 
(152 mm) line at the rate of 4 ft/sec (1.22 m/sec). The pressure drop 
(psi/mile) will be calculated. The slurry behavior is represented by 


a. The power-law with и = 0.165 апа К = 34.3 dyn sec?! /cm? 
(3.43 Pa sec? 95), 

b. Bingham model with то = 53 dyn/cm? (5.3 Ра) and из =22cP 
(0.022 Pa sec). 


Power law: 


Re’ = D"V7""p/8" 1K 
= (0.152)?(1.22)'89(1693)(8)° 89 /3.43 
= 2957, 
f-0.0058 [Е в. 6.6(a)] 





АР AfpV? 4(0.0058)(16937(1.22) 
L 2g.D 2(0.152) 
= 192.3 М/(т (т) |р, = kgm/sec?/N], 
— 192.3(14.7/101,250)1610 = 45.0 psi/mile. 





Bingham: 
 DVp _ 0.152(1.22)(1693) _ 
Re; = тш 0.022 = 14,270, 
Не = ToD? p/p, = 5.3(0.152)2(1693)/ (0.022)? 
= 428,000, 


critical Re, = 12,000 (Fig. 6.5), 


7= 0.007 [Fig. 6.6(b)], 
АР 0.007 e 
"L "0:058 45.0 — 54.3 psi/mile. 





one is obtained as follows. Begin with 











2 2 
ан = -a(2 буи (6.78) 
28./ 8. 
-C,dT- nil ЕТ = геу). (6.79) 
from which 
d(PV)- = e V av, (6.80) 
"Ix . 
and the integral is 
k-1\ G? 
py = nv, - ( n ии . (6.81) 
Also 
V dP = d(PV) - (PV) 24 (6.82) 
Substitutions into Eq. (6.71) result in 
dV | С? fG? 
d(PV) PV уау + 22р dL = 0. (6.83) 


Further substitutions from Eqs. (6.80) and (6.81) and multiplying 
through by 2kg./G?V? result in 














dV [2kg.A.V, qu ya HM 
Ty 9 “С. t(k-1)Vi уз + (® Dytp4- 0. 
(6.84) 
Integrating from V, to У, and L — 0 to L gives 
V, L1 [2kg, PV, ба) 
(I| С? +(k-1)V үй” yi + D^ 
(6.85) 
or 
peal ere к (и) | +See) 
bm. Gv? Т^ Оу) t эк "iy 
(6.86) 
Іп terms of the inlet Mach number, 
М; = u Vg ЕКТІМ,- СУ, Vg,kRT|M,, (6.87) 
the result becomes 
fL Oa, 2i ӨЗ k+l (и) 
- 11 — 
D 73 1+ |1 V T 2k In v) (6.88) 


When everything else is specified, Eqs. (6.86) or (6.88) may be 
solved for the exit specific volume V5. Then P, may be found from 
Eq. (6.81) or in the rearrangement 


+(e onl) 


from which the outlet temperature likewise may be found. 


BV, Т 
BV Т, 








(6.89) 
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Although the key equations are transcendental, they are 
readily solvable with hand calculators, particularly those with 
root-solving provisions. Several charts to ease the solutions beforc 
the age of calculators have been devised: М.В. Powiey, Can. J. 
Chem. Eng., 241-245 (Dec. 1958); C.E. Lapple, reproduced in 
Perry's Chemical Engineers’ Handbook, McGraw-Hill, New York, 
1973, р. 5.27; О. Levenspiel, reproduced in Perry’s Chemical 
Engineers’ Handbook, McGraw-Hill, New York, 1984, p. 5.31; 
Hougen, Watson, and Ragatz, Thermodynamics, Wiley, New York, 
1959, pp. 710-711. 

In all compressible fluid pressure drop calculations it is usually 
justifiable to evaluate the friction factor at the inlet conditions and 
to assume it constant. The variation because of the effect of 
temperature change on the viscosity and hence on the Reynolds 
number, at the usual high Reynolds numbers, is rarely appreciable. 


NONIDEAL GASES 
Without the assumption of gas ideality, Eq. (6.71) is 


dP Gav, fc 
У 8, y *2g Р 





dL =0. (6.90) 


Іп the isothermal case, any appropriate PVT equation of state may 
be used to eliminate either P or V from this equation and thus 
permit integration. Since most of the useful equations of state are 
pressure-explicit, it is simpler to eliminate P. Take the example of 
one of the simplest of the non-ideal equations, that of van der 
Waals 





RT a 
Р- У yv? (6.91) 
of which the differential is 
RT 2a 
= | 5+ е5 dV. . 
ар | (УЬ? Т v) 4 (6.92) 
Substituting into Eq. (6.90), 
RT 2а G^ydv (а? 
( vt ) y КБА = (6.93) 


Although integration is possible in closed form, it may be more 
convenient to perform the integration numerically. With more 
accurate and necessarily more complicated equations of state, 
numerical integration will be mandatory. Example 6.13 employs the 
van der Waals equation of steam, although this is not a particularly 
suitable one; the results show a substantial difference between the 
ideal and the nonideal pressure drops. At the inlet condition, the 
compressibility factor of steam is z = PV/RT = 0.88, a substantial 
deviation from ideality. 


6.8. LIOUID-GAS FLOW IN PIPELINES 


In flow of mixtures of the two phases in pipelines, the liquid tends 
to wet the wall and the gas to concentrate in the center of the 
channel, but various degrees of dispersion of each phase in the 
other may exist, depending on operating conditions, particularly the 
individual flow rates. The main patterns of flow that have been 
recognized are indicated on Figures 6.7(a) and (b). The ranges of 
conditions over which individual patterns exist are represented on 
maps like those of Figures 6.7(c) and (d). Since the concept of a 
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EXAMPLE 6.12 

Adiabatic and Isothermal Flow of а Gas in a Pipeline 
Steam at the rate of 7000 kg/hr with an inlet pressure of 23.2 barabs 
and temperature of 220°С flows in a line that is 77.7 mm dia and 
305 m long. Viscosity is 28.5(10 5)N sec/m? and specific heat ratio is 
k —1.31. For the pipe, ғ/0 = 0.0006. The pressure drop will be 
found in (a) isothermal flow; (b) adiabatic flow. Also, (c) the line 
diameter for sonic flow will be found. 


V, = 0.0862 m?/kg, 

G =7000/(3600)(л (4) (0.0777)? = 410.07 kg/m? sec, 
DG 0.0777(410.07) 
ш 28.5(10 5) 

f = 1.6364/[n(0.135)(0.0006) + 6.5/1.2(105)P = 0.0187. 





Re, = = 1.12(105), 


Inlet sonic velocity: 








uy, = Ув kRT,/ М„ = V1(1.31)(8314)493.2/18.02 = 546 m/sec 

М, = ци, = GVi/u,, = 410.07(0.0862)/546 = 0.0647. 

As а preliminary calculation, the pressure drop will be found 
by neglecting any changes in density: 
fG^L 9.0187(410.07) (305) 
2g,Dp  2(1)(0.0777)(1/0.0862) 
2 Р, = 23.2 — 5.32 = 17.88 bar. 





АР = = 5,32(10°) N/m?, 


(a) Isothermal flow. Use Eq. (6.76): 


ше = 2(23.2)(10°)(0.0862)(410.07)? = 6.726(1019), 


с 
2P, Vis (fL mr 
— 2 251" 1G 
һ-|Е- z (Evin р. 


с 





= 10° \/538.24 - 6.726(0.0187(305)/200. 0777) + n 22-209) 200) 


= 17.13(10°) N/m”, 
and 
AP 223.2 – 17.13 = 5.07 bar. 


When the logarithmic term is neglected, 
= 17.07(10)° N/m’. 
(b) Adiabatic flow. Use Eq. (6.88): 


ГАР ДЕРТІНЕ A Тен). 
ота (6-1 а) |1 (у) | à Pe) (1) 
ет) 
0.06472 


0.0187(305) _ 
JE LUE 


0.0777 2.62 
73.4 = 182 «i - (7) | +0 вит ( М!) 
. . V. . и), 








(0.31 + 


Me 
ny 7975. 


2 
Equation (6.89) for the pressure: 


prp] 


ВУ, _ 1 
Ви 1 





0,31(0.0647)? 
2.62 
= 0.9997, 
Р, = 0.9997P, (=) = 0,9997(23.2)(10°)(0.7715) 
2 


= 17.89(10°) N/m?, 
AP = 23.2 — 17.89 = 5.31 bar. 





[1 — (1.2962) 





1+ 


(c) Line diameter for sonic flow. The critical pressure ratio is 








P, ( 2 M 1) . 
= [| = 0. thk = 1.31 
BOW 0.5439, with k = 1.31, 
G- 7000/3600 _ 2.4757 
(л/4) р? 7р?’ 
M _ СУ, 2.4757(0.0862) 3.909(10” у (2) 
UU 5462” D? 
Equation (6.89) becomes 
0.5439(V,/V;) = 1 + 0.1183М%[1 — (V,/V,?], (3) 
fL/D =0.0187(305)/D = 5.7035/D (4) 
= rhs of Eq. (6.88). 
Procedure 
1. Assume D. 


2. Find М, [Eq. (2/1. 

3. Find V/V, from Eq. (6.89) (Еа. (3)]. 

4. Find rhs of Eq. (6.88) [Eq. (1)]. 

5. Find D =5.7035/{rhs of Eq. (6.88)] [Eq. (4)]. 
6. Continue until steps 1 and 5 agree. 


Some trials are: 


Eq.(6.89) Eq. (6.88) 

D M, V/V, rhs D 
0.06 0.1086 0.5457 44.482 0.1282 
0.07 0.0798 0.5449 83.344 0.06843 
0.0697 0.08046 0.5449 81.908 0.06963 

^ D = 0.0697 т. 

18 ! ExamPle &.12. Line dia for 
sonic flow 

29 K-1.31 

3A INPUT D ! ¿Trial value? 

4n 000330697072 ! «Ез 225 

58 TNPUT Wo’ СЫР» 


ой GOSUE 138 

74 IF ABSCK19>=. 0061 THEN 5й 

BA F-l1^2^KXcK-1*27M^2»5Xc1-U^2»54 

CK-1»27^2^KXLOGCU^Z»5 | «Ез 12 

эй D1zs5.7035-F 
188 DISF 0.01 

118 GOTO 38 ! (For another trial 
value of D if it if not clo 
ze enough to calculated 01% 
END 
5іс-с agar Vti K-i rare 
2XC1-1^/u^2z) 
DISP x1 
RETURH 


(€ A А 
Cie urn 
ше OOo 





particular flow pattern is subjective and all the pertinent variables 
apparently have not yet been correlated, boundaries between 
regions are fuzzy, as in (d). 

It is to be expected that the kind of phase distribution will 
affect such phenomena as heat transfer and friction in pipelines. For 
the most part, however, these operations have not been correlated 
yet with flow patterns, and the majority of calculations of two-phase 
flow are made without reference to them. А partial exception is 
annular flow which tends to exist at high gas flow rates and has been 
studied in some detail from the point of view of friction and heat 
transfer. 

The usual procedure for evaluating two-phase pressure drop is 
to combine pressure drops of individual phases in some way. To this 
end, multipliers Фф, are defined by 


(AP/L)iwo-pnase = $1(AP/L);. (6.94) 


In the following table, subscript L refers to the liquid phase, G to 
the gas phase, and LO to the total flow but with properties of the 
liquid phase; x is the weight fraction of the vapor phase. 


2 


Subscript Ве АР/Е ф 
б DGx/ug fs G^x' [2g,Dps (АРҚАР 
L DG — xM/u, 61 = х}/29,0р, (AP/L)AP/L), 
10 Әбіш об /29,Dp, (AP/LV(AP/L), 9 


In view of the many other uncertainties of two phase flow 
correlations, the friction factors are adequately represented by 
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64, 193—200 (1942)] is popular: 


1/Uywo-phase = X/ Hc; + (0 х). (6.97) 
The specific volumes are weight fraction additive, 

V wwo-phase = XVa + (1—х)У, (6.98) 
so that 

1/Prwo-pnase = X/ Ре; + (1 х)/рь, (6.99) 


where x is the weight fraction of the gas. Pressure drops by this 
method tend to be underestimated, but are more nearly accurate at 
higher pressures and higher flow rates. 

With the Blasius equation (6.96), the friction factor and the 
pressure gradient become, with this model, 








f 0.32 ( x 1 сау” 
(DGy"^ Hs Hr ' 
АР _ fG? 
L Ж.Ыр/рао%(1-ху/р,Г 


(6.100) 





(6.101) 


A particularly simple expression is obtained for the multiplier in 
terms of the Blasius equation: 


AP/L 1-х-хр,/рс 











2 ша = В 6. 102 
ү-(6ЧКе, Re 2000, Poiseuille equation, (6.95) Фо Рту U- trudus” (6.102) 
10.32/Re??, Re 2000, Blasius equation. (6.96) 
Some values of $2, from this equation for steam are 
HOMOGENEOUS MODEL х Р=0.689 Баг Р = 10.3 bar 
The simpiest way to compute line friction in two-phase flow is to 0.01 3.40 1.10 
adopt some kinds of mean properties of the mixtures and to employ 0.10 12.18 1.95 
the single phase friction equation. The main problem is the 0.50 80.2 4.36 
assignment of а two-phase viscosity. Of the number of definitions 
that have been proposed, that of McAdams et al. [Trans. ASME High values of multipliers are not uncommon. 
EXAMPLE 6.15 М —0.0369  5.52(107%) dV 
Isothermal Flow of a Nonideal Gas ф- - | (V — 0.00169): Е + 0. 0272] y +1=0 


The case of Example 6.12 will be solved with a van der Waals 
equation of steam. From the CRC Handbook of Chemistry and 
Physics (CRC Press, Boca Raton, FL, 1979), 


а = 5.464 atm(m*/kg mol)? = 1703.7 Ра(т?/Ке)°, 
b = 0.03049 m?/kg mol = 0.001692 m?/kg, 
RT = 8314(493.2)/18.02 = 2.276(105) N m/kg. 


Equation (6.93) becomes 


ау 
V 





№ | —2.276(105) 3407.4 
" (V - 0.00169} * y? 
0.0187(410.07)2(305) 
2(0.0777) 7 


+ (410. e| 








The integration is performed with Simpson's rule with 20 
intervals. Values of V, are assumed until one is found that makes 
Фф =0. Then the pressure is found from the v dW equation: 


2.276(10°) 1703.7 
(У, - 0.00169) | V3 








P, 


Two trials and, a linear interpolation are showa. The value 
P, — 18.44 bar compares with the ideal gas 17.13. 


V è E 
0.120 —0.0540 
0.117 +0.0054 
0.1173 0 18.44 Баг 
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Figure 6.7. Flow patterns and correlations of flow regimes of liquid-gas mixtures in pipelines. (a) Patterns in horizontal liquid-gas flow. (b) 
Patterns in vertical liquid-gas flow. (c) Correlations of ranges of flow patterns according to Baker [ОЙ Gas J. 53(12), 185 (1954)], as 
replotted by Bell et al. [Chem. Eng. Prog. Symp. Ser. 66, 159 (1969)]; о is surface tension of the liquid, and о,, that of water. (d) Flow 
regimes of water/air at 25°C and 1 atm [Taitel and Dukler, AIChE J. 22, 47 (1976)]; the fuzzy boundaries are due to Mandhane et al. [Int. J. 


Two-Phase Flow 1, 537 (1974)]. 


SEPARATED FLOW MODELS 


Pressure drop in two-phase flow is found in terms of pressure drops 
of the individual phases with empirical multipliers. The basic 
relation is 


(AP/L) wo-phase = $5(AP/L)g - $2(AP/L), = $1o(AP/L);o. 
(6.103) 


The last term is thc pressure drop calculated on the assumption that 
the total mass flow has the properties of the liquid phase. 

Some correlations of multipliers are listed in Table 6.8. 
Lockhart and Martinelli distinguish between the various combina- 
tions of turbulent and laminar (viscous) flows of the individual 
phases; in this work the transition Reynolds number is taken as 


1000 instead of the usual 2000 or so because the phases are 
recognized to disturb each other. Item 1 of Table 6.8 is a guide to 
the applicability of the Lockhart-Martinelli method, which is the 
oldest, and two more recent methods. An indication of the 
attention that has becn devoted to experimentation with two phase 
flow is the fact that Friedel (1979) based his correlation on some 
25,000 data points. 

Example 6.14 compares the homogeneous and Lockhart- 
Martinelli models for the flow of a mixture of oil and hydrogen. 


OTHER ASPECTS 


The pattern of annular flow tends to form at higher gas velocities; 
the substantial amount of work done on this topic is reviewed by 


Dispersed 
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TABLE 6.8. Two-Phase Flow Correlations of Pressure Drop 


1. Recommendations 








м ns G (kg/ т sec) Correlation 
«1000 all Friedel 

21000 7100 Chisholm-Baroczy 
71000 «100 Lockhart—Martinelli 





2. Lockhart-Martinelli Correlation 


m po RAN 




















0.01 0.10 }.00 100 
РАВАМЕТЕН Х 


Liquid Gas Subscript С 


$1214 Сух +1/Х° 
42. =1 + CX4 X Turbulent Turbulent tt 20 
2_ Viscous Turbulent м 12 
X = (АРИ ЛАР Turbulent Viscous tv 10 
Viscous Viscous уу Б 





3. Chishoim-Batoczy Correlation 
$2, 2 14 (Y? — nx? "74 = 3)? 70? + хат] = (APILV(API Do 

п= 0.25 
-(АР/ШосоЛАР/ ло 

B-55/G95, Q« Y «9.5 
-520/YG??, 9.5 «Y «28 
= 15,000/Y7G°5, Ү> 28 

x= weight fraction gas 


4. Friedel Correlation 


3.24FH 
фь= Е+ 572945 20.035 › Рг = 6?/9.Орть 











2 f, 
Е=(1—х} + peeo, We = G*D/p;pa 








Palo 1 
X 17x7 
E= x°78(4 — х\°?, pre (> + ) 
о 0.19 a 2% PL 
Еу . ` 
H= (=) (54) ( на) ‚ х= weight fraction gas 
Pa Hi "n 








1. (P.B. Whalley, cited by G.F. Hewitt, 1982). 2. [Lockhart and Martinelli, Chem. Eng. Prog. 45, 
39-48 (1949); Chisholm, Int. J. Heat Mass Transfer 10, 1767—1778 (1967)]. 3. [Chisholm, Int. J. 
Heat Mass Transfer 16, 347-348 (1973); Baroczy, Chem. Eng. Prog. Symp. Ser. 62, 217-225 
(1965}]. 4. (Friedel, European Two Phase Flow Group Meeting, Ispra, Italy, Paper E2, 1979, cited 
by G.F. Hewitt, 1982). 
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EXAMPLE 6.14 

Pressure Drop and Void Fraction in Liquid-Gas Flow 
A mixture of ап oil and hydrogen at 500 psia and 200°F enters а 
3in. Schedule 40 steel line. Data are: 


Oil: 140,000 Ib/hr, 51.85 Jb/cuft, 2700 cfh, viscosity 15 cP. 


Hydrogen: 800Ib/hr, 0.142 6/сий, 5619 cfh, 
2.5(10 7) Ibf sec/sqft. 


viscosity 


The pressure drop in 100ft of line will be found, and also the 
voidage at the inlet condition. 


4m 4(140,000/3600) 























Re = и 7 л(0.2557)(2.2)0.15' 
_ 4(800/3600) 
Rec = 5(0255702.2)0.5)007) 7 137200, 
€ 
p 900059. 
Round equations: 
у= 1.6434 _ (0272. liquid, 
[1n(0.1357/D --6.5/Re]? (0.0204, gas, 
_ Bfr 8(0.0272)(38.89)? 
(AP/L) = a gpD* л?(32.2)(51.85)(0.2557)° 
= 18.27 psf/ft, 
2 
(АР/У6- 8(0.0204)(0.222) 0.1663 рїї, 


27(32.2)(0.142)(0.2557 ~ 
X? = 18.27/0.1633 = 111.8. 


Lockhart-Martinelli- Chisholm: 


с = 20 for TT regime (Table 6.8), 
C 1 
2 = 1 тх ye 2, 
г. (AP/L) two phase = $2 (AP/L), = 2.90(18.27) 


= 53.0 psf/ft, 36.8 psi/100 ft. 


Check with the homogeneous model: 





800 : 
х= 140,000 + 800 ^ 0.0057 wt fraction gas, 
0.0057 0.9943 |! - 5, lbf sec 
ue [550% о = >3.85(107) sqft ' 


p- [90077 0.9943 


—1 
0.2142” 51.85 | = 16.86 Ib/cutt, 








- 4(39.11) _ 
Re = 1:32.2(0.2557)3.85(10 5) - 197100 
/= 0.0202, 
2 
АР. 8(0020)89.3) — yy 9 pst, 


L л2(32.2У16.86)(0.2557): 


compared with 53.0 by the LMC method. 
Void fraction by Eq. (6.104): 


£g; = 1— 1/$, = 1— 1/V2.90 = 0.413, 
compared with input flow condition of 


__ Qe 5619 
Qc О, 5619 + 2700 





€ = 0.675. 


Method of Premoli [Eqs. (6.105) and (6.106)]: 
Surface tension с = 20 dyn/cm, 0.00137 Ibf/ft, 


рс? l6? 
Оро HBD PLO 
16(38.89)? 
7 л2(32.2)(0.2557)3(51.85)(0.00137) 
Re = 19,196, 
Е, = 1.578(19196) 919(51.85/0.142)??? = 0.8872, 
E, = 0.0273(6411.8)(19196) 95!(51.85/0.142) 9" = 7.140, 
у= 5619/2700 = 2.081, 
уЕ,-2.081(7.140) = 14.86. 





We 





— 64,118, 


Clearly, this term must be less than unity if Eq. (6.105a) for 5 is to 
be valid, so that equation is not applicable to this problem as it 
stands. If yE, is replaced by y/ E; = 0.2914, then 


_ 2.081 ) _ 
$=1+ 0.8872( 2987. 0.2914) =2.02, 
and the voidage is 
5619 
E= 5619 4 2.022700) 2 0:51» 


which is a plausible result. However, Eqs. (6.105) and (6.105a) are 
quoted correctly from the original paper; no numerical examples 
are given there. 





Hewitt (1982). А procedure for stratified flow is given by 
Cheremisinoff and Davis [AIChE J. 25, 1 (1979)]. 

Voidage of the holdup in the line is different from that given by 
the proportions of the incoming volumetric flows of the two phases, 
but is of course related to it. Lockhart and Martinelli’s work 
indicates that the fractional gas volume is 

с-1-1/%у, (6.104) 
where $, is defined in Table 6.8. This relation has been found to 
give high values. A correlation of Premoli et al. [Termotecnica 25, 


17-26 (1971); cited by Hewitt, 1982] gives the void fraction in terms 
of the incoming volumetric flow rates by the equation 


Eg = 061006 +501), (6.105) 
where S is given by the series of equations 
S=1+ E, [y/(1  yE;) - УЕ], 
E, = 1.578 Ке ?'? 022, 
1 (о,/ро) (6.1057) 


Е, = 0.0273 We Ке 9?!(p, / po) 998, 
у-00/0., Re=DG/u,, We=DG"/op,. 


Direct application of these equations in Example 6.14 is not 
successful, but if E, is taken as the reciprocal of the given 
expression, a plausible result is obtained. 


6.9. GRANULAR AND PACKED BEDS 


Flow through granular and packed beds occurs in reactors with solid 
catalysts, adsorbers, ion exchangers, filters, and mass transfer 
equipment. The particles may be more or less rounded or may be 
Shaped into rings, saddles, or other structures that provide a 
desirable ratio of surface and void volume. 

Natural porous media may be consolidated (solids with holes in 
them), or they may consist of unconsolidated, discrete particles. 
Passages through the beds may be characterized by the properties of 
porosity, permeability, tortuosity, and connectivity. The flow of 
underground water and the production of natural gas and crude oil, 
for example, are affected by these characteristics. The theory and 
properties of such structures is described, for instance, in the book 
of Dullien (Porous Media, Fluid Transport and Pore Structure, 
Academic, New York, 1979). A few examples of porosity and 
permeability are in Table 6.9. Permeability is the proportionality 
constant k in the flow equation и = (k/u) dP/dL. 

Aithougn consolidated porous media are of importance in 
chemical engineering, only unconsolidated porous media are 
incorporated in process equipment, so (һас further attention will be 
restricted to them. 

Granular beds may consist of mixtures of particles of several 
sizes. In flow problems, the mean surface diameter is the 
appropriate mean, given in terms of the weight fraction distribution, 
хь by 

D, = 1/(> х/р)). (6.106) 
When a particle is not spherical, its characteristic diameter is taken 
as that of a sphere with the same volume, so that 


D, = (6V,/ 2) 9. (6.107) 


SINGLE PHASE FLUIDS 


Extensive measurements of flow іп and other properties of beds of 
particles of various shapes, sizes and compositions are reported by 


TABLE 6.9. Porosity and Permeability of Several 
Unconsolidated and Consolidated Porous Media 


Porosi P ili 
Media omy Вы 
Вей saddles 68-83 13x 10-3-3.9 x 10 3 
Wire crimps 68—76 3.8x10 ?-10 x 10^ 
Black slate powder 57-66 4.9 х 107'°-1.2 x 107° 
Silica powder 37-49 1.3 x 107 55.4 x 1077? 
Sand (loose beds) 37-50 2.0x 1077—1.8 х 107? 


Soil 43-54 2.9x 10 ?—1.4 x 1077 


Sandstone (ой sand] 8—38 5.0 x 107 '7-3.0x 10? 
Limestone, dolomite 4-10 20x10 "14.5 х107'0 
Brick 12-34 48x10 —22x10? 
Concrete 2-7 1.0 x 10 ?-2.3x 107 
Leather 56—59 95x10 —1.2x10 ? 
Cork board — 3.8 x 10 9—1.5 x 107" 
Hair felt — 83x10 9-12x10 5 
Fiberglass 88—93 24х1077-51х10” 
Cigarette filters 17-49 11x 1075 

Agar-agar - 2.0х107%-4,4х1079 


(А.Е. Scheidegger, 
University of Toronto Press, Toronto, Canada, 1974). 


Physics of Flow through Porous Media, 
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Leva et al. (1951). Differences in voidage are pronounced as Figure 
6.8(c) shows. 

A long-established correlation of the friction factor is that of 
Ergun (Chem. Eng. Prog. 48, 89-94, 1952). The average deviation 
from his line is said to be +20%. The friction factor is 


3 
hara) өле 
= 150/Re, + 1.75 (6.109) 

with 
Re, = D,G/u(1 ~ €). (6.110) 
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Figure 6.8. Friction factors and void fractions in flow of single phase 
fluids in granular beds. (a) Correlation of the friction factor, 
Re = D,G/(1 - ғи and У, = [в.БьЕ’/ри?(1 — E)(AP/L = 
150/Re + 4.2/(Re)"* [Sato et al., J. Chem. Eng. Jpn. 6, 147-152 
(1973)]. (b) Void fraction in granular beds as a function of the ratio 
of particle and tube diameters [Leva, Weintraub, Grummer, 


Pollchik, and Storch, U.S. Bur. Mines Bull. 504 (195])]. 
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The pressure gradient accordingly is given by 


eu 1.75], 





Gu - £) 9| 96 — 
ae вре | В.С (6.111) 
Бог example, when D,=0.005m, С -50kg/m^sec, g,= 
1 kgm/N sec?, р = 800 kg/m’, и = 0.010 N sec/m?, and ғ = 0.4, the 
gradient is AP/L= 0.31(10°) Pa/m. 

An improved correlation is that of Sato (1973) and Tallmadge 
(AIChE J. 16, 1092 (1970)] shown on Figure 6.8(a). The friction 
factor is 

р = 150/Re, +4.2/ Вс! (6.112) 
with the definitions of Eqs. (6.108) апа (6.110). А comparison of 
Eqs. (6.109) and (6.112) is 


Не, 5 50 500 5000 
р (Ergun) 31.8 4.80 2.05 1.78 
f (Sato) 33.2 5.19 1.79 1.05 


In the highly turbulent range the disagreement is substantial. 


TWO-PHASE FLOW 


Operation of packed trickle-bed catalytic reactors is with liquid and 
gas flow downward together, and of packed mass transfer 
equipment with gas flow upward and liquid flow down. 

Concurrent flow of liquid and gas can be simulated by the 
homogeneous model of Section 6.8.1 and Eqs. 6.109 or 6.112, but 
several adequate correlations of separated flows in terms of 
Lockhart-Martinelli parameters of pipeline flow type are available. 
A number of them is cited by Shah (Gas-Liquid-Solid Reactor 
Design, McGraw-Hill, New York, 1979, p. 184). The correlation of 
Sato (1973) is shown on Figure 6.9 and is represented by cither 


ф = (АР, с/АР, 2? = 1.30 + 1.85(X) 9, 01<Х<20, 





(6.113) 
or 
10810 (а) = EAT *1.00' (6.114) 
where 
X = V(AP/L),/(AP/L)c- (6.115) 


The pressure gradients for the liquid and vapor phases аге 
calculated on the assumption of their individual flows through the 
bed, with the correlations of Eqs. (6.108)-(6.112). 

The fraction л, of the void space occupied by liquid also is of 
interest. In Sato's work this is given by 


hy, = 0.40(2,) 5 X97, (6.116) 
where the specific surface is 
a, = 6(1— €)/D,. (6.117) 


Additional data are included ín the friction correlation of 
Specchia and Baldi [Сйет. Eng. Sci. 32, 515-523 (1977)], which is 
represented by 


g.D,E 


AP 
Лес Зри) (52), (6.118) 
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Figure 6.9. Pressure drop gradient and liquid holdup т liquid—gas 
concurrent flow in granular beds. [Sato, Hirose, Takahashi, and 
Toda, 1. Chem. Eng. Jpn. 6, 147-152 (1973)]. (a) Correlation of 
the two phase pressure drop gradient AP/L, ф = 1.30 + 1.85X 9 55. 
(b) Correlation of frictional holdup A; of liquid in the bed; a, is the 
specific surface, 1/mm 4 is particle diameter, and D is tube 
diameter. k, = 0.4a} Byb, 


In fug = 7.82 — 1.30 In(Z/y"'!) —0.0573[In(Z/ УР. (6.119) 
The parameters in Eq. (6.119) are 
Z = (Вес) %/(Ке,)%, (6.120) 
= Sw | He (2) | 6.121 
v Or, |ш PL (6.121) 


Liquid holdup was correlated in this work for both nonfoaming and 
foaming liquids. 


Nonfoaming, A, = 0.125(Z/w")~°?(a,D,/e)"®, 
hy = 0.06(Z/ y?) 917 (a, D, Ге)". 


(6.122) 
Foaming, (6.123) 
The subscript w in Eq. (6.121) refers to water. 

Countercurrent flow data in towers with shaped packings are 
represented by Figure 13.37. The pressure drop depends on the 
viscosity of the liquid and on the flow rates and densities of the 
liquid and gas, as well as on characteristics of the packing which are 
represented here by the packing factor F. Nominally, the packing 
factor is a function of the specific surface a, and the voidage e, as 

Е=а,[е?, (6.124) 
but calculated values are lower than the experimental values shown 
in the table by factors of 2-5 or so. Clearly the liquid holdup 
reduces the effective voidage to different extents with different 
packings. The voidages of the packings in the table range from 70 to 


95%, whereas voidages obtained with small spherical or cylindrical 
packings normally used as catalysts are less than 40% or so, which 
makes them impractical for countercurrent operation. However, 
catalysts are made in the forms of rings or saddles when very low 
pressure drop or countercurrent operation is desirable. 

Even when they are nominally the same type and size, packings 
made by different manufacturers may differ substantially in their 
pressure drop and mass transfer behavior, so that manufacturers 
data should be obtained for final design. 

Many daia on individual packings are given by Billet 
(Distillation Engineering, Chemical Pub. Co., New York), in 
Chemical Engineers Handbook (McGraw-Hill, New York, 1984, p. 
18.23) and with Figure 13.37. 

The uppermost line of Figure 13.57(a) marks the onset of 
flooding which is the point at which sharp increase of pressure drop 
obtains on a plot against liquid rate. Flooding limits also are 
represented on Figure 13.36; in practice, it is customary to operate 
at a gas rate that is 70% of that given by the line, although there are 
many data points below this limit in this correlation. 

Mesh or other open structures as vessel packing have attractive 
pressure drop and other characteristics, but each type has quite 
individual behavior so that it is best to consult their manufacturer's 
data. 


6.10. GAS-SOLID TRANSFER 


Equipment for pneumatic conveying is described in Section 5.2 
along with some rules for calculating power requirements. Here the 
latter topic will be supplemented from a more fundamental point of 
view. 


CHOKING VEZOCITY 


Although the phenomena are not clearcut, partial settling out of 
solids from the gas stream and other instabilities may develop below 
certain linear velocities of the gas called choking velocities. Normal 
pneumatic transport of solids accordingly is conducted above such a 
calculated rate by a factor of 2 or more because the best 
correlations are not more accurate. Above choking velocities the 
process is calied dilute phase transport and, below, dense phase 
transport. 

What appears to be the best correlation of choking velocities is 
due to Yang [AIChE J. 21, 1013-1015 (1975)], supplemented by 
Punwani et al. and Yang (cited by Teo and Leung, 1984, pp. 
520-521). The choking velocity U,. and voidage £, are found by 
simultaneous solution of the equations 


б./р, = (Uy. ~ Ч) — &) (6.125) 
or 
-1- G,/ p,(U,. 7 U) (6.126) 
and 
gD(e; ^7 — 1) = 3.41(10°)(р,/р,)22(0,. — ИУ, (6.127) 


where С, is the mass rate of flow of solid per unit cross section and 
the other terms are defined in Table 6.10. When £, from Eq. (6.126) 
is substituted into Eq. (6.127), the single unknown in that equation 
is readily found with a root solving routine. For the case of Example 
6.15, б, = 29.6 kg/m?sec, И, = 0.45 m/sec, p, = 1282 kg/m?, and 
p, = 1.14 kg/m?. Accordingly, Uze = 1.215 m/sec and e, = 0.9698. 
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TABLE 6.10. Equations for the Calculation of Pressure Drop in 
Gas-Solid Transport 


Solid Friction Factor f, According to Various Investigators 





Investigator f 
Stemerding (1962) 0.003 а) 
Reddy and Pei (1969) 0.046U;' (2) 
Van Swaaij, Buurman, and 

van Breugel (1970) 0.0809! (3) 
Capes and Nakamura (1973) 0. 048057. 22 (4) 
Konno and Saito (1969) 9. оввурб иш (5) 

0.979 
Yang (1978), vertical 0.00315 =f b uu] (6) 
1.18 
Yang (1976), horizontal 0.029312 =| M (7) 
P уар 


Free Setting Velocity 





— Wa 
к=р „|“ 2 d (8) 
f 
U 908060) қз K<33 (9) 
t(Stokes) 18u 
f 
0.153g^"' D 71,41. 46 -p үт 
О tintermediate) = 0. De [y ' 3.3<К< 43.6 (10) 
Pr Hr 
D. _ 1/2 
U tiNewton) = vas (Pets er) , 43.6< K < 2360 (11) 
f 


Particle Velocity 





Investigator U, 
Hinkle (1953) 0,-0, (12) 
IGT (1978) у (1 068009205 p; 2p 959^ (13) 
ыл e474 1/2 
7 -u|[1-2— ) ] 14 
Yang (1976) U; 1! 29р (14) 
Voidage 
Е-1- 4m,/nD^ip, - PUp (15) 


Notation: U, is a fluid velocity, U, is particle velocity, U, is particle 
free settling velocity, m, is mass rate of flow of solid, D = pipe diameter, 
D, is particle diameter, g = 9.806 m/sec” at sea level. 

(Klinzing, Gas—Solid Transport, McGraw-Hill, New York, 1981). 


PRESSURE DROP 


The relatively sparse data on dense phase transport is described by 
Klinzing (1981) and Teo and Leung (1984). Here only the more 
important category of dilute phase transport will be treated. 

The pressure drop in simultaneous flow of gas and solid 
particles is made up of contributions from each of the phases. When 
the particles do not interact significantly, as in dilute transport, the 
overall pressure drop is represented by 


- &)U;L 
D 





ЗРРАЛЕ 2, 1 
AP = p,(1— €)Lg + ppeLg + ША P (2 


(6.128) 


for vertical transport; in horizontal transport only the two frictional 
terms will be present. The friction factor f, for gas flow is the 
normal one for pipe flow; except for a factor of 4, it is given by Eq. 
(6.19) for laminar flow and by the Round equation (6.21) for 
turbulent flow. For the solid friction factor f, many equations of 
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EXAMPLE 6.15 

Pressure Drop in Flow of Nitrogen and Powdered Coal 
Powdered coal of 100 итп dia and 1.28 specific gravity is transported 
vertically through a 1-in. smooth line at the rate of 15 g/sec. The 
carrying gas is nitrogen at 1atm and 25°С at a linear velocity of 
6.1 m/sec. The density of the gas is 1.14 kg/m? and its viscosity is 
1.7(1075) М sec/m?. The equations of Table 6.10 will be used for the 
various parameters and ultimately the pressure gradient AP/L will 
be found: 

















_4[9.806(1.14) (1282 — алиа 
Еч. (8), К=10 | [700 f 3.67, 
_ 0.153(9.806)?71(0.0001)-^(1282 — 1.14)?! 
Eq. (10), U, = 1.1499[1.7(10*)[°-#° 
= 0.37 m/sec (0.41 m/sec Бу Stokes' law), 
0.015 0.0231 
.(45, #=1- =1 ; 
Eq. (15) (14) (0.0254 (1282 — 1.14)0, U, 
(1) 
Eq. (14), 0,-6.1-0.45У1 + f,U2/2(9.806)(0.0254) 
= 6.1 — 0.45У1 + 2.007f,U2 (ID) 
0.00315(1- =) Е - oye 
Eq. (7), f= 53 61-0; (Ш) 


Equations (I), (II), and (ПГ) are solved simultaneously with the 
results: 


£—0.9959 and О, = 5.608, 
For the calculatíon of the pressure drop, 


f,=0.0031 (Yang equation), 
_ DU;o, 0.0254(6.1)(1.14) _ 
Ке,= m 17109 7 10,390. 





Therefore, Round's Eq. (6.21) applies: 


fy = M noua = 0.0076, 


Eq. (6.128), 


AP/L = 9.806(1282(1 — 0.9959) + 1.14(0.9959)] 
+ (2/0.0254)[0.0076(1.14)(6.1)? 
+ 0.0031(1282)(0.0041)(5.608)?] 
= 51.54 + 11.13 + 25.38 + 40.35 = 128.4 Pa/m. 


With Eqs. (5) and (13), no trial calculations are needed. 


Eq. (13), U, = 6.1[1 — 0.68(0.0001)°°2(1282)°° 
х (1.14) 9?(0.0254) 95^] 
5,88 m/sec, 
Ба. (15), е-1-0.0231/5.78 = 0.9960, 
Eq. (5), fi = 0.0285У9.806(0.0254)/5.88 = 0.00242. 


Therefore, the solid frictional gradient is obtained from the 
calculated value 40.35 in the ratio of the friction factors. 


(АР/Г), ра ticos = 40.35(0.00242/0.0031) = 31.5 Pa/m. 


10 ! Example 6.15. Pressure dro 
Р in flow at nitroaen and ro 
wdered coal 

za INPUT Ц 


36 Е=1-.0231/0 № «Еа I? 

48 F-.883151X41-E^?/E^3X£.45XC1- 
E»7^6(6.1-U35^-.973 ! Еа III) 

S50 G--lUr6.1-.45XCi1c-2.0mn?*Fxu^2?^ 


^.5 ! ¢should = B» 
&8 PRINT "у="; 0 
Ға PRINT "Gs";h 


88 GOTO 26 ! cif LG is not 
ciently close to zero? 
Эй END 


suffi 


Ц= 2.688 
5--.Rhagmana234a8u61 





varying complexity have been proposed, of which some important 
ones are listed in Table 6.10. 

These equations involve the free settling velocity U,, for which 
separate equations also are shown in the table. At lower velocities 
Stokes' law applies, but corrections must be made at higher ones. 
The particle velocity U, is related to other quantities by Eqs. 
(12)- (14) of the table, and the voidage in turn is represented by Eq. 
(15). In a review of about 20 correlations, Modi et al. (Proceedings, 
Powder and Bulk Solids Handling and Processing Conference, 
Powder Advisory Center, Chicago, 1978, cited by Klinzing, 1981) 
concluded that the correlations of Konno and Saito (1969) and of 
Yang (1976, 1978) gave adequate representation of pneumatic 
conveying of coal. They are applied in Example 6.15 and give 
similar results there. 


6.11. FLUIDIZATION OF BEDS OF PARTICLES WITH GASES 


As the flow of fluid through a bed of solid particles increases, it 
eventually reaches a condition at which the particles are lifted out of 
permanent contact with each other. The onset of that condition is 


called minimum fluidization. Beyond this point the solid-fluid mass 
exhibits flow characteristics of ordinary fluids such as definite 
viscosity and flow through lines under the influence of hydrostatic 
head difference. The rapid movement of particles at immersed 
surfaces results in improved rates of heat transfer. Moreover, 
although heat transfer rate between particles and fluid is only 
moderate, 1-4 Btu/(hr)(sqft)(^F), the amount of surface is so great, 
10,000—150,000 sqft/cuft, that temperature equilibration between 
phases is attained within a distance of a few particle diameters. 
Uniformity of temperature, rapid mass transfer, and rapid mixing of 
solids account for the great utility of fluidized beds in process 
applications. 

As the gas flow rate increases beyond that at minimum 
fluidization, the bed may continue to expand and remain homo- 
geneous for a time. At a fairly definite velocity, however, bubbles 
begin to form. Further increases in flow rate distribute themselves 
between the dense and bubble phases in some ways that are not 
well correlated. Extensive bubbling is undesirable when intimate 
contacting between phases is desired, as in drying processes or solid 
catalytic reactions. In order to permit bubble formation, the 
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Bed height, m 


150 um copper shot 
0.825 MN/m? (9) 
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Heat transfer coefficient, W/m? Қ 
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Bed pressure drop, N/m? 
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Figure 6.10. Characteristics of gas-solid fluidization. (a) Schematic of the progress of pressure drop and bed height with increasing velocity, 
for “normal” and "abnormal" behavior. For normal systems, the rates at minimum fluidization and minimum bubbling are the same. (b) 
Behavior of heat transfer coefficient with gas flow rate analogous to part (a). The peak depends on the density and diameter of the particles 
(Botteril, Fluid Bed Heat Transfer, Academic, New York, 1975). (c) Bed expansion ratio as a function of reduced flow rate and particle size. 
The dashed line is recommended for narrow size range mixtures (Leva, 1959, p. 102). (d) Correlation of fluctuations in level, the ratio of the 
maximum level of disturbed surface to average level (Leva, 1959, p. 105). (e) Bed voidage at minimum fluidization (Leva, 1959). Agarwal 
and Storrow: (a) soft brick; (b) absorption carbon; (c) broken Raschig rings; (d) coal and glass powder; (e) carborundum; (f) sand. U.S. 
Bureau of Mines: (g) round sand, ф; = 0.86; (й) sharp sand, фу =0.67; (i) Fischer-Tropsch catalyst, фу = 0.58; (j) anthracite coal, 
ф; = 0.63; (К) mixed round sand, ф; = 0.86. Van Heerden et al.: (Г) coke; (т) carborundum. N Coefficient C in the equation for mass flow 
rate at minimum fluidization (Leva, 1959): С„; = СР?р.рь(рѕ — pr)/u and С = 0.0007 Re 2965, (р) Minimum bubbling and fluidization 
velocities of cracking catalysts (Harriott and Simone, іп Cheremisinoff and Gupta, Eds., Handbook of Fluids in Motion, Ann Arbor Science, 
Ann Arbor, MI, 1983, p. 656). (h) Minimum fluidization and bubbling velocities with air as functions of particle diameter and density 
[Geldart, Powder Technol. 7, 285 (1973)]. (i) Transport disengagement height, TDH, as a function of vessel diameter and superficial linear 
velocity [Zenz and Weil, AIChE J. 4, 472 (1958)]. (j) Good fluidization conditions (W.V. Battcock and К.К. Pillai, “Particle size in 
Pressurised Combustors," Proc. Fifth International Conference on Fluidised Bed Combustion, Mitre Corp., Washington D.C., 1977). 
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particles appear to interlock to form a skin around the bubble and 
thus prevent free particles from raining through those spaces. 
Bubble sizes become large at high rates of flow and may eventually 
reach the diameter of the vessel, at which time slugging and severe 
entrainment will occur. 

Onset of fluidization commonly is detected by noting a break in 
the plot of fiow against pressure drop. For a range beyond the 
minimum fluidizing velocity, the pressure drop remains constant 
and equal to the weight of the bed but the bed level rises gradually 
and bubbles are generated at an increasing rate. Not in all cases, 
however, is the fluidization behavior entirely smooth. Figure 6.10(a) 
compares "normal" with a case of “abnormal” behavior. Among 
the reasons for abnormality are aggregation of particles because of 
stickiness or attractive forces between small particles and 
interlocking of rough surfaces. It is even possible for bubbling to 
occur before the onset of fluidization by formation of channels in 
the bed. 


CHARACTERISTICS OF FLUIDIZATION 


Six different regimes of fluidization are identified in Figure 6.11 and 
its legend. Particulate fluidization, class (b) of the figure, is 
desirable for most processing since it affords intimate contacting of 
phases. Fluidization depends primarily on the sizes and densities of 
the particles, but also on their roughness and the temperature, 
pressure, and humidity of the gas. Especially small particles are 
subject to electrostatic and interparticle forces. 

Есис main classes characterized by diameters and differences in 
densities of the phases are identified in Figure 6.12 and its legend. 
Groups A and B are most frequently encountered; the boundary 
between them is defined by the equation given in the legend. Group 
A particles are relatively small, 30-150 um dia, with densities below 
1.5 g/cc. Their bed behavior is “abnormal” in that the bed expands 
appreciably before bubbling sets in, and the minimum bubbling 
velocity always is greater than the minimum fluidization velocity. 
The bubbles disengage quickly. Cracking catalysts that have been 
studied extensively for their fluidization behavior are in this class. 
Group В materials have d, = 150-500 um and аге 1.5-4.0 g/mL. 
The bed expansion is small, and minimum bubbling and fluidization 
velocities are nearly the same. The bubbles also disengage rapidly. 
Coarse sand and glass beads that have been favorite study materials 
fall in this group. Group C comprises small cohesive particles whose 
behavior is influenced by electrostatic and van der Waals forces. 
Their beds are difficult to fluidize and subject to channelling. Group 
D particles are large, 1 mm or more, such as lead shot and grains. 
They do not fluidize well and are usually handled in spouted beds, 
such as Figure 9.13(f). 

Among the properties of particles most conducive to smooth 
fluidization are the following: 


1. rounded and smooth sbape, 

2. in the range of 50—500 um diameter, 

3. a broad spectrum of particle sizes, with ratios of largest to 
smallest sizes in the range of 10 to 25, 

4. enough toughness to resist attrition. 


Such tailoring of properties is feasible for many catalyst-carrier 
formulations, but drying processes, for instance, may be restricted 
by other considerations. Fluidization of difficult materials can be 
maintained by mechanical or ultrasonic vibration of the vessel, or 
pulsation of the supply of the fluid, or mechanical agitation of the 
contents of the vessel, or by addition of fluidization aids such as fine 
foreign solids. 





(а) (5) 





(а) (е) 0 


Figure 6.11. Six regimes of fluidization identified with increasing gas 
superficial velocity (Grace, 1982). 


Velocity 
Range 


Appearance and 
Regime Principal Features 
(a Osucu,, fixed particles are quiescent; gas flows 
bed through interstices 

(b) u,,5u-u,, particulate bed expands smoothly in a homoge- 
fluid- neous manner; top surface is well 
ization defined; some small-scale particle 

motion; fittle tendency for particles to 

aggregate; very little fluctuation 


(c) Umb SU < Ums bubbling void regions form near the distributor, 


fluid- grow mosily by coaiescence, and rise 
ization to the surface; top surface is well 
defined with bubbles breaking 
through periodically; irregular pres- 
sure fluctuations of appreciable 
amplitude 
(d) ч,.<и<и, slugging voids fill most of the column cross 
regime section; top surface rises and col- 
lapses with reasonably regular fre- 
quency; large and regular pressure 
fluctuations 
(е) u,sSu<u, turbulent small voids and particle clusters dart to 
regime and fro; top surface difficult to 
distinguish; small-amplitude pressure 
fluctuations only 
{б uu fast no upper surface to bec; particles are 
fluid- transported out the top and must be 
ization replaced by adding solids at or near 


the bottom; clusters or strands of 
particles move downward, mostly 
near the wall, while gas, containing 
widely dispersed particles, moves 
upward; at fixed solid feed rate, 
increasingly dilute as и is increased 


SIZING EQUIPMENT 


Various aspects of the hydrodynamics of gas-solid fluidization have 
been studied extensively with conclusions that afford guidance to 
the interpretation and extension of pilot plant data. Some of the 
leading results bearing on the sizing of vessels will be discussed 
here. Heat transfer performance is covered in Chapter 17. Example 
6.16 applies to some of the cited data. 
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Figure 6.12. Characteristics of four kinds of groups of particles classified by Geldart [Powder Technol. 6, 
201-205 (1972); 7, 285-292 (1973). The boundary between А and B is represented by the equation 


d, = 44,0000: 199 [в (р — pr) and that between B and D by (ps — pp) d$ = 107° kg/m. 





Feature Group C Group A Group B Group D 
Distinguishing Cohesive aeratable bubble readily spoutable 
word or phrase 
Example Flour fluid cracking sand wheat 
catalyst 
Particle size for =20 ит 20 < d, =90 zm 90 < ds = 650 ит >650 ит 
Ps = 2.5 g/cm? 
Channeling Severe little negligible negligible 
Spouting None none shallow beds only readily 
Collapse rate — slow rapid rapid 
Expansion Low because high; initially medium medium 
of channeling bubble-free 
Bubble shape channels, no flat base, rounded with rounded 
bubbles spherical cap small 
indentation 
Rheological high yield apparent viscosity apparent viscosity apparent 
character of stress of order 1 poise of order 5 poise viscosity of 
dense phase order 10 
poise 
Solids mixing very low high medium low 
Gas back mixing very low high medium low 
Slugging mode flat raining axisymmetric mostly axi- mostly wall 
plugs symmetric slugs 
Effect of 4; unknown appreciable minor unknown 
(within group) 
on hydrodynamics 
Effect of particle unknown appreciable negligible can cause 


Size distribution 


segregation 





Solids of practical interest often are mixtures of a range of 
particle diameters, but, for convenience, correlations are expressed 
in terms of a single size which is almost invariably taken as the 
surface average diameter given by 

d, = ПУ, х4, (6.129) 
where x; is the weight fraction of the material having a diameter d; 
measured by screen analysis. Particles that deviate substantially 
from a spherical shape are characterized as having the diameter of a 


sphere with the same volume as the particle. The sphericity is 
defined as the ratio 


ф = (surface of а sphere)/(surface of the 


particle with the same volume) (6.130) 


and is always less than unity. Accordingly, the relation between the 
effective particle size 4, and that found by screen analysis is 


d, = фа сеп: (6.131) 
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EXAMPLE 6.16 

Dimensions of a Fluidized Bed Vessel 
A fluidized bed is to hold 10,000 kg of a mixture of particles whose 
true density is 1700 kg/m?. The fluidizing gas is at 0.3 m’/sec, has a 
viscosity of 0.017cP or 1.7(E—5) Nsec/m? and a density of 
1.2 kg/m?. The size distribution of the particles is 


а (um) 252 178 126 88 70 50 30 10 

х (wtfrac- 0.088 0.178 0.293 0.194 0.113 0.078 0.042 0.014 
tion) 

u, (m/sec) 3.45 1.72 0.86 0.43 0.27 0.14 0.049 0.0054 


The terminal velocities are found with Stokes' equation 





_8(0ь ~ P) di- 9.81(1700 — 1.2)(Е — 12) 


T 18и rie- Г. 


(a) The average particle size is 


d,= 1/2 (x,/d,) = 84.5 um. 


(b) With d, = 84.5 and density difference of 1699 kg/m?, the 
material appears to be in Group À of Figure 6.12. 
(c) Minimum fluidization velocity with Eq. (6.133) 


и 0.0093[84.5(Е — 6)]-9?(1700 — 1.2)094 
mf [1.7(Е _ 5) 381.20. 
= 0.0061 m/sec, 








and with Eqs. (6.134) and (6.135), 


Ar= 1.2(1700 — 1.2)(9.81)[84.5(E — 6)? 
[L7(E — 5)р 
Re,, = V(27.2Y. + 0.0408(41.75) — 27.2 = 0.0313, 
_ H Ке, 1.7(Е — 50.0313) 


Unb р = а 5(E — 6)(1.2) = 0,0052 m/sec. 








41.75, 








Use the larger value, и„, = 0.0061, as the conservative one. 
(4) Minimum bubbling velocity, with Eq. (6.136), 


Иль = 33(84.5)(E — 6)[1.2/1.7(E — 5)]°! = 0.0085 m/sec, 
<- ить Hog = 0.0085/0.0061 = 1.39. 


From Eq. (6.139), 


un) 0 82[1.7(Е - 5)--6(1.2)0%6 
и, 9.81[84.5(E — 6)] ^ (1700 — 1.2) 





= 1.35, 


which is in rough agreement. 
(e) Voidage at minimum bubbling from Eq. (6.138): 








3 2 9.5 
Emb __ 1.715 - 5)] | 
1-65 [ДЕ -оратор) 7910948 
2.6, = 0.469. 


It is not certain how nearly consistent this value is with those at 
minimum fluidization read ой Figure 6.10(e). Only a limited 
number of characteristics of the solids are accounted for in Eq. 
(6.138). 


(f) Operating gas velocity. The ratios of entraining and 
minimum fluidizing velocities for the two smallest particle sizes 
present are 


0.049/0.0061 — 8.03, 
0.0054/0.0061 = 0.89, 


for 30 um, 
for 10 um. 


Entrainment of the smallest particles cannot be avoided, but an 
appreciable multiple of the minimum fluidizing velocity can be used 
for operation; say the ratio is 5, so that 


и; = 5и,„у = 5(0.0061) = 0.0305 m/sec. 


(g) Bed expansion ratio. From Figure 6.10(c) with d, = 
84.5 um or 0.0033 in. and GIG, =5, 


R- [t by interpolation between the full lines, 
711.22, off the dashed line. 


Take К = 1.22 as more conservative. From Eq. (6.140) the ratio of 
voidages is 


Empl Emp = 50:22 = 1.42. 


From part (е), Emp = 0.469 so that gr =0.469/1.42 = 0.330. 
Accordingly, the ratio of bed levels is 


Ls] тр = (3 е) — Emp) = 0.67/0.531 = 1.262. 


Although the value of в,,, appears somewhat low, the value of К 
checks roughly the one from Figure 6.10(c). 

(h) Fluctuations in level. From Figure 6.10(d), with d, = 
0.0033 in., the value of т” — 0.02, so that 


r = exp[0.02(5 — 1)] = 1.083. 


(i ТОН from Figure 6.10). At и; = ump — 4(0.0061) = 
0.0244 m/sec, the abscissa is off the plot, but a rough extrapolation 
and interpolation indicates about 1.5 m for TDH. 

(j) Dimensions of the bed and vessel. With a volumetric flow 
rate of 0.3 m?/sec, the required diameter is 


D = V0.3/(0.305)(2/4) = 3.54 m. 


With a charge of 10,000 kg of solids and a voidage at minimum 
bubbling of 0.469, the height of the minimum bubbling bed is 


10000 


L- 1700(1 — 0.469) (л/4) D? 





= 1.13 т. 


This value includes the expansion factor which was calculated 
separately in item (g) but not the fluctuation parameter; with this 
correction the bed height is 


L, = 1.13(1.083) = 1.22 m. 


The vessel height is made up of this number plus the TDH of 1.5m 
or 


vessel height = 1.22 + 1.5 = 2.72 m. 
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Minimum  Fluidization. The fundamental nature of this 
phenomenon has led to many correlations for its prediction. That of 
Leva (1959) applies to Reynolds numbers Re, = d, G,,, /u <5, and 
is 


_ 0.94 
быу = 68801.62 lors- PA Р = Рр) (6.132) 


in the common units G,,, іп Ib/(hr)(sqft), D, in inches, densities in 
Ib/cuft, and viscosity in cP. In SI units it is 


_ 0.009345? (p, — рр)? | 


0.88 0.06 
М и pr 





(6.133) 


The degree of confidence that сап be placed in the correlation is 
indicated by the plot of data on which it is based in Figure 6.10(f). 
An equation more recently recommended by Grace (1982) covers 
Reynolds numbers up to 1000: 


Re,, = d,u plu = V(27.2)^ + 0.0408(Ar) = 27.2, (6.134) 
where 
Ar= p(p, — p)gd3/p?. (6.135) 


Here also the data show much scatter, so that pilot plant 
determinations of minimum fluidization rates usually are advisable. 


Minimum Bubbling Conditions. Minimum bubbling velocities 
for Group B substances are about the same as the minimum 
fluidization velocities, but those of Group А substances are 
substantially greater. For Group A materials the correlation of 
Geldart and Abrahamsen [Powder Technol 19, 133 (1978)] for 
minimum bubbling velocity is 


Umb = 33d,(u/p) "*. (6. 136) 
For air at STP this reduces to 
ить = 100d,. (6.137) 


For cracking catalysts represented on Figure 6.10(g), Harriott and 
Simone (1983) present an equation for the ratio of the two kinds of 
velocities as 


Umb — 8240-60-06 


ump Ba, (Pp — p) (6.188) 
The units of this equation are SI; the coefficient given by 
Cheremisinoff and Cheremisinoff (1984, p. 161) is incorrect. Figures 
6.10(g) and (h) compare the two kinds of velocities over a range of 
particle diameters. Voidage at minimum bubbling is correlated by 
an equation of Cheremisinoff and Cheremisinoff (1984, p. 163): 


Emol (1 — Emp) = 47.4(gdpp p/n?) °°. (6.139) 


Bed Expansion and Fluctuation. The change of bed level with 
increasing gas rate is represented schematically in Figure 6.10(a). 
The height remains constant until the condition of minimum 
fluidization is reached, and the pressure drop tends to level off. 
Then the bed continues to expand smoothly until some of the gas 
begins to disengage from the homogeneous dense phase and forms 
bubbles. The point of onset of bubbling corresponds to a local 


maximum in level which then collapses and attains a minimum. 
With increasing gas rate, the bed again continues to expand until 
entrainment develops and no distinct bed level exists. Beyond the 
minimum bubbling point, some fraction of the excess gas continues 
through the dense phase but that behavior cannot be predicted with 
any accuracy. 

Some smoothed data of expansion ratio appear in Figure 
6.10(c) as a function of particle size and ratio of flow rates at 
minimum bubbling and fluidization. The rather arbitrarily drawn 
dashed line appears to be a conservative estimate for particles in the 
range of 100 um. 

Ordinarily under practical conditions the flow rate is at most a 
few multiples of the minimum fluidizing velocity so the local 
maximum bed level at the minimum bubbling velocity is the one 
that determines the required vessel size. The simplest adequate 
equation that has been proposed for the ratio of voidages at 
minimum bubbling and fluidization is 


Empl Ems = (Gmo! Gmr)?” 
— 2.64u® 90-54 / 0-22 41-06 5 — р)о22 


(6.140) 
(6.141) 


The last equation results from substitution of Eq. (6.138) into 
(6.140). Then the relative bed level is found from 

Lol Lay ш (1 ~ Emp )/(1 т Emb). (6.142) 
Either £,,, or £,,, must be known independently before Eq. (6.141) 
can be applied, either by application of Eq. (6.139) for Emp or by 
reading off a value of ғ,„ from Figure 6.8(c) or Figure 6.10(e). 
These values are not necessarily consistent. 

At bigh gas velocities the bed level fluctuates. The ratio of 
maximum disturbed level to the average level is correlated in terms 
of G,/G,,, and the particle diameter by the equation 

= ехр["’(С; т Gry)! Gyr], (6. 143) 


where the coefficient m’ is given in Figure 6.10(d) as a function of 
particle diameter. 


Freeboard. Under normal operating conditions gas rates 
somewhat in excess of those for minimum fluidization are 
employed. As a result particles are thrown into the space above the 
bed. Many of them fall back, but beyond a certain height called the 
transport disengaging height (TDH), the entrainment remains 
essentially constant. Recovery of that entrainment must be 
accomplished in auxiliary equipment. The TDH is shown as a 
function of excess velocity and the diameter of the vessel in Figure 
6.10(1). This correlation was developed for cracking catalyst 
particles up to 400 ит dia but tends to be somewhat conservative at 
the larger sizes and for other materials. 


Viscosity. Dense phase solid-gas mixtures may be required to 
flow in transfer line catalytic crackers, between reactors and 
regenerators and to circulate in dryers such as Figures 9.13(e), (f). 
In dilute phase pneumatic transport the effective viscosity is nearly 
that of the fluid, but that of dense phase mixtures is very much 
greater. Some data are given by Schügerl (in Davidson and 
Harrison, 1971, p. 261) and by Yates (1983). Apparent viscosities 
with particles of 50—550 um range from 700 to 1300 cP, compared 
with air viscosity of 0.017 cP at room temperature. Such high values 
of the viscosity place the flow definitely in the laminar flow range. 
However, information about friction in flow of fluidized mixtures 
through pipelines is not easy to find in the open literature. Someone 
must know since many successful transfer lines are in operation. 
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FLUID TRANSPORT EQUIPMENT 


ithough liquids particularly can be transported by 
operators carrying buckets, the usual mode of 
transport of fluids is through pipelines with pumps, 
blowers, compressors, or ejectors. Those categories 
of equipment will be considered in this chapter. A few 
statements wiil be made at the start about piping, fittings, and 
valves, although for the most part this is information best 


gleaned from manufacturers’ catalogs. Special problems such 
as mechanical flexibility of piping at elevated temperatures 
are beyond the scope here, and special problems associated 
with sizing of piping for thermosyphon reboilers and the 
suction side of pumps for handling volatile liquids are deferred 
to elsewhere in this book. 





7.1. PIPING 


Standard pipe is made in a discrete number of sizes that are 
designated by nominal diameters in inches, as “inches IPS (iron 
pipe size).” Table А5 lists some of these sizes with dimensions іп 
inches. Depending on the size, up to 14 different wall thicknesses 
are made with the same outside diameter. They are identified by 
schedule numbers, of which the most common is Schedule 40. 
Approximately, 


Schedule number = 1000 P/S, 
where 


P = internal pressure, psig 
$ = allowable working stress in psi. 


Tubing for heat exchangers, refrigeration, and general service is 
made with outside diameters measured in increments of 1/16 or 
1/8 in. Standard size pipe is made of various metals, ceramics, glass, 
and plastics. 

Dimensional standards, materials of construction, and pressure 
ratings of piping for chemical plants and petroleum refineries are 
covered by ANSI Piping Code B31.3 which is published by the 
ASME, latest issue 1980. Many details also are given in such 
sources as Crocker and King, Piping Handbook (McGraw-Hill, 
New York, 1967), Perry’s Chemical Engineers Handbook (1984), 
and Marks Standard Handbook for Mechanical Engineers (1987). 

In sizes 2in. and less screwed fittings may be used. Larger 
joints commonly are welded. Connections to equipment and in lines 
whenever need for disassembly is anticipated utilize flanges. Steel 
flanges, flanged fittings, and valves are made in pressure ratings of 
150, 300, 600, 900, 1500, and 2500 psig. Valves also are made in 125 
and 250 psig cast iron. Pressure and temperature ratings of this 
equipment in various materials of construction are specified in the 
piping code, and are shown in Chem. Eng. Handbook 1984, pp. 
6.75-6.78. 


VALVES 


Contro! of flow in lines and provision for isolation of equipment 
when needed are accomplished with valves. The basic types are 
relatively few, some of which are illustrated in Figure 7.1. In gate 
valves the flow is straight through and is regulated by raising or 
lowering the pate. The majority of valves in the plant are of this 
type. In the wide open position they cause little pressure drop. In 
globe valves the flow changes direction and results in appreci- 
able friction even in the wide open position. This kind of valve is 
essential when tight shutoff is needed, particularly of gas flow. Multi- 


pass plug cocks, butterfly valves, slide valves, check valves, various 
quick-opening arrangements, etc. have limited and often indispens- 
able applications, but will not be described here. 

The spring in the relief valve of Figure 7.1(c) is adjusted to 
open when the pressure in the line exceeds a certain value, at which 
time the plug is raised and overpressure is relieved; the design 
shown is suitable for pressures of several hundred psig. 

More than 100 manufacturers in the United States make valves 
that may differ substantially from cach other суеп for the same line 
size and pressure rating. There are, however, independent 
publications that list essentially equivalent valves of the several 
manufacturers, for example the books of Zappe (1981) and Lyons 
(1975). 


CONTROL VALVES 


Control valves have orifices that can be adjusted to regulate the 
flow of fluids through them. Four features important to their use are 
capacity, characteristic, rangeability and recovery. 

Capacity is represented by a coefficient 


С,= С,14, 


where d is the diameter of the valve and С, is the orifice coefficient 
in equations such as the following 


О = С,М(Р, – Р,)/р,, gal/min of liquid, 
О = 22.7С,М(Р; – Р)Р/р.Т, SCFM of gas when Р/Р, > 0.5, 
О = 11.3С,Р/Ур,.Т, SCFM of gas when Р,/Р, < 0.5, 


where P, is pressure in psi, р,, is specific gravity relative to water, р, 
is specific gravity relative to air, and T is temperature °R. Values of 
C, of commercial valves range from 12 for double-seated globe 
valves to 32 for open butterflies, and vary somewhat from 
manufacturer to manufacturer. Chalfin (1980) has a list. 

Characteristic is the relation between the valve opening and the 
flow rate. Figure 7.1(h) represents the three most common forms. 
The shapes of plugs and ports can be designed to obtain any desired 
mathematical relation between the pressure on the diaphragm, the 
travel of the valve stem, and the rate of flow through the port. 
Linear behavior is represented mathematically by О = kx and equal 
percentage by О = К, ехр(К.х), where x is the valve opening. 
Quick-opening is a characteristic of a bevel-sezted or flat disk type 
of plug; over a limited range of 10-25% of the maximum stem 
travel is approximately linear. 

Over a threefold load change, the performances of linear and 
equal percentage valves are almost identical. When the pressure 
drop across the valve is less than 25% of the system drop, the equal 
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percentage type is preferred. Іп fact, a majority of characterized 
valves currently are equal percentage. 

Rangeability is the ratio of maximum to minimum flows over 
which the valve can give good control. This concept is difficult to 
quantify and is not used much for valve selection. A valve generally 
can be designed properly for a suitably wide flow range. 

Recovery is a measure of the degree of pressure recovery at the 
valve outlet from the low pressure at the vena contracta. When 
flashing occurs at the vena contracta and the pressure recovery is 
high, the bubbles collapse with resulting cavitation and noise. The 
more streamlined the valve, the more complete the pressure 
recovery; thus, from this point of view streamlining seems to be an 
undesirable quality. A table of recovery factors of a number of 
valve types is given by Chalfin (1980); such data usually are 
provided by manufacturers. 


Hondwheel 


Stem 


Packing nut 








к: = bit 
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p. | 211. 
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These characteristics and other properties of 15 kinds of valves 
are described by Chalfin (1980). 

Pressure drop. Good control requires a substantial pressure 
drop through the valve. For pumped systems, the drop through the 
valve should be at least 1/3 of the pressure drop in the system, with 
a minimum of 15 psi. When the expected variation in flow is small, 
this rule can be relaxed. In long liquid transportation lines, for 
instance, a fully open control valve may absorb less than 1% of the 
system pressure drop. In systems with centrifugal pumps, the 
variation of head with capacity must be taken into account when 
sizing the valve. Example 7.2, for instance, illustrates how the valve 
drop may vary with flow in such a system. 

Types of valves. Most flow control valves are operated with 
adjustable air pressure on a diaphragm, as in Figure 7.1(d), since 
this arrangement is more rapid, more sensitive and cheaper than 


or gíond 


Bonnet 


Bonnet ring nut 





(b) (с) 








(е) (f) 


Figure 7.1. Some kinds of manual and automatically controlled valves. (a) Gate valve, for the majority of applications. (b) Globe valve, when 
tight shutoff is needed. (c) Swing check valve to ensure flow in one direction only. (d) A pressure relief valve, in which the plug is raised on 
overpressure. (e) A control valve with a single port. (f) A double-port, reverse-acting control valve. (g) A control valve with a double port, in 
which the correct opening is maintained by air pressure above the diaphragm. (A) valve body; (B) removable seat; (C) discs; (D) valve-stem 
guide; (E) guide bushing; (F) valve bonnet; (С) supporting ring; (Н) supporting arms; (J) diaphragm; (K) coupling between diaphragm and 
valve stem; (L) spring-retaining rod; (M) spring; (N) spring seat; (O) pressure connection. (Fischer.) (h) Relation between fractional opening 
and fractional flow of three modes of valve openings. 


electrical motor control. Double-ported valve (d) gives better 
control at large flow rates; the pressures on the upper and lower 
plugs are balanced so that less force is needed to move the stem. 
The single port (е) is less expensive but gives a tighter shutoff and is 
generally satisfactory for noncritical service. The reverse acting 
valve (f) closes on air failure and is desirable for reasons of safety in 
some circumstances. 


7.2. PUMP THEORY 


Pumps are of two main classes: centrifugal and the others. These 
others mostly have positive displacement action in which the 
discharge rate is largely independent of the pressure against which 
they work. Centrifugal pumps have rotating elements that impart 
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high velocity initially and high pressure head ultimately to the 
liquid. Elements of their theory will be discussed here. А glossary 
of pump terms and terms relating primarily to centrifugal pumps are 
defined in the Glossary at the end of this chapter. The chief 
variables involved in pump theory are listed here with typical units: 


D, diameter of impeller (ft or m), 

H, output head (ft or m), 

п, rotational speed (1/sec), 

P, output power (HP or kW), 

О, volumetric discharge rate (cfs ог m?/sec), 
u, viscosity (lb/ft sec or М sec/m?), 

р, density (Ib/cuft or kg/m?), 

£, surface roughness (ft or m). 


BASIC RELATIONS 


А dimensional analysis with these variables reveals that the 
functional relations of Eqs. (7.1) and (7.2) must exist: 


gH/n^D? = ф.(О/пр?, D?nplu, e[D), (7.1) 
Р/рп*р? = ф.(О/пр?, D?np/u, €/D). (7.2) 


The group D?np/u is the Reynolds number and e/D is the 
roughness ratio. Three new groups also have arisen which are 
named 


capacity coefficient, Co = О/пр?, (7.3) 
head coefficient, Cy = gH[n?D?, (7.4) 
power coefficient, СР = P/pn?D?. (7.5) 


The hydraulic efficiency is expressed by these coefficients as 
n= gHpQ/P = СнСо/Сь. (7.6) 


Although this equation states that the efficiency is independent of 
the diameter, in practice this is not quite true. An empirical relation 
is due to Moody [ASCE Trans. 89, 628 (1926)]: 


т-1-(1- 0»)(D,/ D; ?. (7.7) 


Geometrically similar pumps are those that have all the 
dimensionless groups numerically the same. In such cases, two 
different sets of operations are related as follows: 


0101 = (n2/m,)(D,/D,)°, (7.8) 
H/H, = (n2D,/n,D,)’, (7.9) 
Р.Р, = (p2/ p1)(n2/m,)'(D2/ Dy. (7.10) 


The performances of geometrically similar pumps also can be 
represented in terms of the coefficients Co, Cy, Cp, and п. For 
instance, the data of the pump of Figure 7.2(a) are transformed into 
the plots of Figure 7.2(b). An application of such generalized curves 
is made in Example 7.1. 

Another dimensionless parameter that is independent of 
diameter is obtained by eliminating D between Со and Сн with the 
result, 


N, = nQ?5/ (gH). (7.11) 


This concept is called the specific speed. It is commonly used in the 
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EXAMPLE 7.1 
Application of Dimensionless Performance Curves 


Model and prototypes are represented by the performance curves of 


Figure 7.2. Comparisons are to be made at the peak efficiency, 
assumed to be the same for each. Data off Figure 7.2(b) are: 


п = 0.93, 

Cy = gH[n?D? = 5.2, 
Cp = P/pn?D? = 0.69, 
Co = Q/nD? = 0.12. 


(а) The prototype is to develop а head of 76 m: 


_( gH y= 9.81(76) ) - 
" (а 5203712) = 32:27 грв, 


Q =nD’Co -32.27(0.371) (0.12) = 0.198 m?/sec, 
P = pn? D^C, = 1000(32.27)°(0.371)°(0.69) 
= 0.163(105) W, 163 kW. 





(b) The prototype is to have a diameter of 2 т and to rotate at 
400 rpm: 


Q =nD*Cg = (400/60)(2 (0.12) = 6.4 m?/sec, 
H=n?D*C,,/g = (400/60) (2)(5.2)/9.81 = 94.2 m, 


P= pn^D?C, = 1000(400/60)*(2) (0.69) 
= 6.54(105) kgm?/sec?, 
6.54(109) М m/sec, 6540 kW. 


(с) Moody's formula for the effect of diameter on efficiency gives 


т-1-(1- 21)(01/Р›)%? = 1 — 0.07(0.371/2)°® 
= 0.954 at2m, 


compared with 0.93 at 0.371 m. 

(d) The results of (a) and (b) also are obtainable directly from 
Figure 7.2(a) with the aid of Eqs. (7.7), (7.8), and (7.9). Off 
the figure at maximum efficiency, 


п= 0.93, Q=0.22, Н-97, and Р= 218. 


When the new value of H is to be 76 m and the diameter is to 
remain the same, 


п» = 35.6(Н›/Н,)° = 35.6(76/97)°* = 31.5 rps, 
Q, = О,(п/п) = 0.22(9,/Н,)" = 0.195 m?/sec, 
Р, = Pp; pi)(n5/ni (D D? = 218(H,/H;)? —151.2kW. 


These values agree with the results of (a) within the accuracy of 
reading the graphs. 
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Figure 7.2. Performance curves in dimensional and dimensionless forms: (а) Data of a pump with a specific diameter and rotation speed. (b) 
Dimensionless performance curves of all pumps geometrically similar to (a). The dashed lines identify the condition of peak efficiency. (After 
Daugherty and Franzini, Fluid Mechanics with Engineering Applications, McGraw-Hill, New York, 1957). 





EXAMPLE 7.2 
Operating Points of Single and Double Pumps in Parallel and 
Series 

Тһе head loss in a piping system is represented by the equation 


H, = 50 + 6.0(Q/100 + H,, 


where H, is the head loss in the control valve. The pump to be used 
kas the characteristic curve of the pump of Figure 7.7(b) with an 
8 іп. impeller; that curve is represented closely by the equation 


Н, = 68 — 0.5(Q/100) — 4.5(0/100)?. 
The following will be found (see Figure 7.17): 


(a) The values of H, corresponding to various flow rates Q gpm. 
(b) The flow rate and head on the pumps when two pumps are 
connected in parallel and the valve is wide open (H, = 0). 

(c) The same as (b) but with the pumps in series. 
(d) The required speed of the pump at 80 gpm when no control 
valve is used in the line. 


(a) The operating point is found by equating H, and H, from 
which 


Н, = 68 — 0.5(Q/100) — 4.5(Q/100)? — [50 + 6.0(Q /100)?]. 


mixed units 


М, = (rpm)(gpm??/(0* ^. (7.12) 
For double suction pumps, Q is one half the pump output. 

Тһе net head at the suction of the pump impeller must exceed а 
certain value in order to prevent formation of vapor and resulting 
cavitation of the metal. This minimum. head is called the net 
positive suction head and is cvaluated as 


NPSH - (pressure head at the source) 
+ (static suction head) 
— (friction head in the suction line) 


— (vapor pressure of the liquid). (7.13) 


Usually each manufacturer supplies this value for his equipment. 
(Some data are in Figure 7.7.) A suction specific speed is defined as 
$ = (rpm)(gpm)??/(NPSH)? ^, (7.14) 
Standards for upper limits of specific speeds have been 
established, like those shown in Figure 7.6 for four kinds of 
pumps. When these values are exceeded, cavitation and resultant 
damage to the pump may occur. Characteristic curves correspond- 
ing to widely different values of М, arc shown in Figure 7.3 for 
severai kinds of pumps handling clear water. The concept of specific 
speed is utilized in Example 7.3. Further data are in Figure 7.6. 
Recommendations also are made by the Hydraulic Institute of 
suction specific speeds for multistage boiler feed pumps, with 
S = 7900 for single suction and 5 = 6660 for double suction. Thus 
the required NPSH can be found by rearrangement of Eq. (7.14) as 


NPSH = [(rpm)(gprn)??/51^?. (7.15) 


7.2. PUMP THEORY 133 





Some values are 


0/100 0.8 1,0 1.2 1,286 
Н, 10.88 7.00 2.28 0 
H, 59.92 


s 


(b) In parallel each pump has half the total flow and the same 
head H,: 


50 + 6.0(Q/100)* = 68 — (0.5/2)(Q/100) — (4.5/4)(0/100)?, 
7 О = 157.2 врт, Н, = 64.83 ft. 


(с) In series each pump Баз the same flow and one-half the 
total head loss: 


4(50 + 6.0(0/100)?] = 68 — 0.5(Q/100) — 4.5(Q /100)2, 
20 =236.1 gpm, Н, = 83.44 ft. 


Series flow allows 50% greater gpm than parallel. 


(d) Н,=50+4.8 = 54.8, 
H, = (68 — 0.4 — 2.88)(n/1750y, 
^ n = 1750V54.8/64.72 = 1610 rpm. 


For example, at 3500 rpm, 1000 gpm, and S — 7900, the required 
NPSH is 34 ft. 

For common fluids other than water, the required NPSH 
usually is lower than for cold water; some data are shown in Figure 
7.16. 


PUMPING SYSTEMS 


The relation between the flow rate and the head developed by a 
centrifugal pump is a result of its mechanical design. Typical curves 
are shown in Figure 7.7. When a pump is connected to a piping 
system, its head must match the head loss in the piping system at 
the prevailing flow rate. The plot of the flow rate against the head 
loss in a line is called the system curve. The head loss is given by the 
mechanical energy balance, 


АР Аи? Lu? 
a I + Az sf +Н,, 
p 2g. 2gD 





H, (7.16) 


where H, is the head loss of a control valve in the linc. 

The operating point may be found as the intersection of plots 
of the pump and system heads as functions of the flow rate. Or an 
equation may be fitted to the pump characteristic and then solved 
simultaneously with Eq. (7.16). Figure 7.17 has such plots, and 
Example 7.2 employs the algebraic method. 

In the normal situation, the flow rate is the specified quantity. 
With a particular pump curve, the head loss of the system may need 
to be adjusted with a control valve in the line to make the system 
and pump heads the same. Alternately, the speed of the pump can 
be adjusted to make the pump head equal to that of the system. 
From Eq. (7.9) the relation between speeds and pump heads at two 
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PER CENT OF HEAD, EFFICIENCY, AND 
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Figure 7.3. Performance curves of single-suction impellers corresponding to two values of the specific speed. (a) 
М, = 1550, centrifugal pump. (b) М, = 10,000, mixed and axial flow pumps. 


conditions is 


n= n (H/H °S. (7.17) 
Example 7.2 is of cases with control valve throttling and pump 
speed control. In large systems, the value of power saved can easily 
overbalance the extra cost of variable speed drives, either motor or 
steam turbine. 

When needed, greater head or greater capacity may be 
obtained by operating several pumps in series or parallel. In parallel 
operation, each pump develops the same head (equal to the system 
head), and the flow is the sum of the flows that each pump delivers 
at the common head. In series operation, each pump has the same 
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flow rate and the total head is the sum of the heads developed by 
the individual pumps at the prevailing flow rate, and equal to the 
system head. Example 7.1 deals with a pair of identical pumps, and 
corresponding system and head curves are shown in Figure 7.17. 


7.3. PUMP CHARACTERISTICS 


A centrifugal pump is defined in the glossary at the end of this 
chapter as a machine in which a rotor in a casing acts on a liquid to 
give it a high velocity head that is in turn converted to pressure 
head by the time the liquid leaves the pump. Other common 
nomenclature relating to the construction and performance of 
centrifugal and related kinds of pumps also is in that table. 
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Figure 7.4. Performance of several kinds of pumps. (a) Comparison of small centrifugal and turbine pumps (Kristal and Annett, 1940). (b) 
An axial flow pump operating at 880 rpm (Chem. Eng. Handbook, 1973). (c) An external gear pump like that of Figure 7.12(e) (Viking 
Pump Co.). (d) A screw-type positive displacement pump. (e) NPSH of reciprocating positive displacement pumps. 
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Figure 7.4--(сотіпиға) 








а) Efficiencies as % of those with direct piston drive: 
p 


Stroke, in 5 8 10 20 30 40 50 
Crank-and-flywheel pump 87 88 90 92 
Piston pump 60 70 74 84 86 88 90 
High-pressure pump 55 64 67 76 78 80 81 


(b) Efficiencies of crankshaft-driven pumps of various sizes: 


Water HP 3 5 10 20 30 50 75 100 200 
Efficiency (%) 55 65 72 77 80 83 85 86 88 


(c) % of flow above and below the mean; curve is shown for triplex 
double-acting: 


ол ж 2 
| I— Cylinder No. 1 —ы - Cylinder №. 3 — 


— Cylinder №. 2 


Number of % above % below Plunger 

Type Plungers Mean Mean Phase 
Duplex (double) 2 24 22 180? 
Triplex 3 6 17 120% 
Quaduplex 4 11 22 90% 
Quintaplex 5 2 5 72? 
Sextuplex 6 5 9 60° 


(d) Efficiency as а function of % reduced pressure or % reduced 
speed: 


% Full-Load Mechanical Mechanical 
Developed Pressure Efficiency % Speed Efficiency 
20 82 44 93.3 
40 88 50 92.5 
60 90.5 73 92.5 
80 92 100 92.5 
100 92.5 





Figure 7.5. Data relating to the performance of piston and plunger pumps. 
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(e) Approximate steam consumption of reciprocating pumps 
(Hydraulic Institute, Cleveland, OH, 1957). Example: A pump with 
a 10х10 cylinder and developing 33 HP at 90 ft/min needs 731b 
steam/water HP. The 50 fpm line is a reference line. 
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EXAMPLE 7.3 
Check of Some Performance Curves with the Concept of 
Specific Speed 

(a) The performance of the pump of Figure 7.7(b) with an 8 in. 
impeller will be checked by finding its specific speed and 
comparing with the recommended upper limit from Figure 






















































































7.6(b). Use Eq. (7.12) for N, О (gpm) 100 150 200 
H (ft) 490 440 300 
О (gpm) 100 200 300 NPSH (mfgr) 10 18 35 
H (ft) 268 255 225 NPSH [Eq. (7.15)] 74 9.7 11.8 
М, (саіса) 528 776 1044 
М, [Fig. 7.10(a)] 2050 2150 2500 The manufacturer's recommended NPSHs are conservative. 
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(с) 
Figure 7.6. Upper specific-speed limits for (a) double-suction pumps (shaft through impeller 
eye) handling clear water at 85°F at sea level, (b) single-suction pumps (shaft through impeller 
eyc) handling clear water at 85°F at sea level, (c) single-suction pumps (overhung-impeller 
type) handling clear water at 85°F at sea level, (d) single-suction mixed- and axial-flow pumps 
(overhung-impeller type) handling clear water at 85°F at sea level. (Hydraulic Institute, 
Cleveland, OH, 1957). 
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Clearly the performance curves are well within the recom- 


mended upper limits of specific speed. 


) The manufacturer's recommended NPSH of the pump of Figure 
7.7(с) with an 8 in. impeller will be checked against values from 


Eq. (7.15) with S = 7900: 
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Figure 7.7. Characteristic curves of centrifugal pumps when operating on water at 85°F (Allis Chalmers Co.). (а) Single suction, 1750 rpm. (b) 
The pump of (a) operated at 3500 rpm. (c) Multistage, single suction, 3550 rpm. 


Тһе basic types of centrifugals are illustrated in Figure 7.9. A 
volute is a gradually expanding passage in which velocity is partially 
converted to pressure head at the outlet. The diffuser vanes of 
Figures 7.9(b) and 7.10(d) direct the flow smoothly to the periphery. 
The volute design is less expensive, more amenable to use with 
impellers of different sizes in the same case, and, as a consequence, 
by far the most popular construction. Diffuser construction is used 
to a limited extent in some high pressure, multistage machines. The 
double suction arrangement of Figure 7.9(d) has balanced axial 
thrust and is favored particularly for severe duty and where the 
lowered NPSH is an advantage. Multistage pumps, however, are 
exclusively single suction. 

Some of the many kinds of impellers are shown in Figure 7.10. 
For clear liquids, some form of closed impeller [Figure 7.10(c)] is 
favored. They may differ in width and number and curvature of the 
vanes, and of course in the primary dimension, the diameter. 
Various extents of openness of impellers, [Figs. 7.10(a) and (b)] are 
desirable when there is a possibility of clogging as with slurries or 
pulps. The impelier of Figure 7.10(e) has both axial propeller and 


centrifugal vane action; the propeller confers high rates of flow but 
the developed pressure is low. Figure 7.3(b) represents a typical 
axial pump performance. 

The turbine impeller of Figure 7.10(h) rotates in a case of 
uniform diameter, as in Figure 7.12(j). As Figure 7.4(a) demon- 
strates, turbine pump performance resembles that of positive dis- 
placement types. Like them, turbines are essentially self-priming, 
that is, they will not vapor bind. 

All rotating devices handling fluids require seals to prevent 
leakage. Figure 7.13 shows the two common methods that are used: 
stuffing boxes or mechanical seals. Stuffing boxes employ a soft 
packing that is compressed and may be lubricated with the pump 
liquid or with an independent source. In mechanical seals, smooth 
metal surfaces slide on each other, and are lubricated with a very 
small leakage rate of the pump liquid or with an independent liquid. 

Performance capability of a pump is represented on diagrams 
like those of Figure 7.7. A single point characterization often is 
made by stating the performance at the peak efficiency. For 
example, the pump of Figure 7.7(c) with a 9 in. impeller is called a 
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(a) Single-suction, 1800 rpm standard pumps: (b) Single-suction, 3600 rpm standard pumps: 
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Horsepower 
Suction and Approximate Range at 1.0 
Key No. Discharge Cost Sp. Gr. 
1 5x4 $2250 40-60 
Horsepower 2 4x3 1950 20-40 
Suction and Approximate Range at 1.0 3 3x 23 1650 73-20 
Key No. Discharge Cost Sp Gr 4 4x4 1800 3-20 
1 4x3 $1200 73-25 5 5х5, 1850 5-30 
2 6х4 1350 20-30 6 2x15 1200 4-2 
3 4x3 1200 15-25 7 22х2, 1350 1-3, 
4 5х4 1500 15-30 8 3x23 1500 2773 
5 2 х 11 750 2-73 9 4x3 1650 2-73 
ы 2 x 2 1060 3-10 (с) Single-suction 1800 and 3600 rpm refinery pumps for elevated 
8 5x4 1350 71-20 temperatures and pressures: 
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10 12х12 700 1-2 200 
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8 2x1i 3400 1-5 
9 3x 2 (1800 rpm) 3700 2-7 
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Figure 7.8. Typical capacity-head ranges of some centrifugal pumps, their 1978 costs and power requirements. Suction and discharge are in 
inches (Evans, 1979, Vol. 1). 
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Figure 7.9. Some types of centrifugal pumps. (a) Single-stage, single suction volute pump. (b) Flow path in a volute pump. (c) Double suction 
for minimizing axial thrust. (4) Horizontally split casing for case of maintenance. (e) Diffuser pump: vanes V are fixed, impellers P rotate. (f) 


А related type, the turbine pump. 


140 FLUID TRANSPORT EQUIPMENT 











Im 
LS 





(g) 


Figure 7.10. Some types of impellers for centrifugal pumps. (a) Open impeller. (b) Semiopen impeller. (c) Shrouded 
impeller. (d) Axial flow (propeller) type. (e) Combined axial and radial flow, open type. (f) Shrouded mixed-flow 
impeller. (g) Shrouded impeller (P) in a case with diffuser vanes (V). (h) Turbine impeller. 


175gpm and 560ft head pump at a peak efficiency of 57%; it 
requires а 15 ft suction lift, an 18 ft NPSH and 43 BHP. Operating 
ranges and costs of commercial pumps are given in Figure 7.8. 
General operating data are in Figure 7.4. 

Although centrifugal pumps are the major kinds in use, a great 
variety of other kinds exist and have limited and sometimes unique 
applications. Several kinds of positive displacement types are 
Sketched in Figure 7.12. They are essentially self-priming and have a 
high tolerance for entrained gases but not usually for solids unless 
they may be crushed. Their characteristics and applications are 
discussed in the next section. 


7.4. CRITERIA FOR SELECTION OF PUMPS 


The kind of information needed for the specification of centrifugal, 
reciprocating and rotary pumps is shown on forms in Appendix B. 
General characteristics of classes of pumps are listed in Table 7.1 
and their ranges of performance in Table 7.2. Figure 7.14 shows 
recommended kinds of pumps in various ranges of pressure and 
flow rate. Suitable sizes of particular styles of a manufacturer's 
pumps are commonly represented on diagrams like those of Figure 
7.8. Here pumps are identified partly by the sizes of suction and 
discharge nozzles in inches and the rpm; the key number also 
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Figure 7.11. Approximate efficiencies of centrifugal pumps in terms 
of GPM and head in feet of liquid. 


Valve open on 
reverse stroke | 






иш Valve open on 
1 forward stroke 
| 


Vaive open on Valve open on 
forward stroke reverse stroke 


(а) 


(с) 


Discharge 





(e) (f) 


Casing 


ationary 
crescent 


7.4. CRITERIA FOR SELECTION OF PUMPS 141 


identifies impeller and case size and other details which are stated in 
a catalog. Each combination of head and capacity will have an 
efficiency near the maximum of tbat style. Although centrifugal 
pumps function over a wide range of pressure and flow rates, as 
represented by characteristic curves like those of Figures 7.2 and 
7.7, they are often characterized by their performance at the peak 
efficiency, as stated in the previous section. Approximate 
efficiencies of centrifugal pumps as functions of head and capacity 
are on Figure 7.11 and elsewhere here. 
Centrifugal pumps have a number of good qualities: 


1. They are simple in construction, are inexpensive, are available in 
a large variety of materials, and have low maintenance cost. 

2. They operate at high speed so that they can be driven directly by 
electrical motors. 

3. They give steady delivery, can handle slurries and take up little 
floor space. 


Some of their drawbacks are 


4. Single stage pumps cannot develop high pressures except at very 
high speeds (10,000 rpm for instance). Multistage pumps for high 
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Figure 7.12. Some types of positive displacement pumps. (а) Valve action of а double acting reciprocating piston pump. (b) Discharge curve 
of a single acting piston pump operated by a crank; half-sine wave. (c) Discharge curve of a simplex double acting pump as in (а). (d) 
Discharge curve of a duplex, double acting pump. (e) Ап external gear pump; characteristics are in Figure 7.8(c). (f) Internal gear pump; the 
outer gear is driven, the inner one follows. (g) A double screw pump. (h) Peristaltic pump in which fluid is squeezed through a flexible tube 
by the follower. (i) Double diaphragm pump shown in discharge position (BIF unit of General Signal). (j) A turbine pump with essentially 


positive displacement characteristics (data on Fig. 7.4(a)]. 





(h) 
Figure 7.12—(continued) 
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Figure 7.13. Types of seals for pump shafts. (a) Packed stuffing box; the sealing liquid may be from the pump discharge or from an 
independent source. (b) Water cooled stuffing box. (c) Internal assembly mechanical seal; the rotating and fixed surfaces are held together by 


the pressure of the pump liquid which also serves as lubricant; a slight leakage occurs. (d) Double mechanical seal with independent sealing 
liquid for handling toxic or inflammable liquids. 
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Figure 7.14. Range of applications of various kinds of pumps. (a) 
Range of applications of single and double suction pumps 
(Allis-Chalmers Со.). (b) Recommended kinds of pumps for 
various kinds of head and flow rate (Fairbanks, Morse, and Co.). 


pressures are expensive, particularly in corrosion-resistant mate- 
rials. 

5. Efficiencies drop off rapidly at flow rates much different from 
those at peak efficiency. 

6. They are not self-priming and their performance drops off 
rapidly with increasing viscosity. Figure 7.15 illustrates this ef- 
fect. 


On balance, centrifugal pumps always should be considered first in 
comparison with reciprocating or rotary positive displacement 
types, but those do have their places. Range of applications of 
various kinds of pumps are identified by Figure 7.14. 

Pumps with reciprocating pistons or plungers are operated with 
steam, motor or gas engine drives, directly or through gears or 
belts. Their mode cf action is indicated on Figure 7.12(a). They are 
always used with several cylinders in parallel with staggered action 
*o smooth out fluctuations in flow and pressure. Figure 7.5(c) shows 
that with five cylinders in parallel the fluctuation is reduced to a 
maximum of 796. External fluctuation dampers also are used. 
Although they are self-priming, they do deteriorate as a result of 
cavitation caused by release of vapors in the cylinders. Figure 7.4(c) 
shows the NPSH needed to repress cavitation. Application of 
reciprocating pumps usually is to low capacities and high pressures 
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of 50-1000 atm or more. Some performance data are shown in 
Figure 7.5. 

Diaphragm pumps [Fig. 7.12(1)] also produce pulsating flow. 
They are applied for small flow rates, less than 100 gpm or so, often 
for metering service. Their utility in such applications overbalances 
the drawback of their intrinsic low efficiencies, of the order of 2096. 

Screw pumps [Fig. 7.12(g)] are suited for example to high 
viscosity polymers and dirty liquids at capacities up to 2000 gpm and 
pressures of 200 atm at speeds up to 3000 rpm. They are compact, 
quiet, and efficient. Figure 7.4(d) shows typical performance data. 

Gear pumps [Figs. 7.12(e) and (0)] are best suited to handling 
clear liquids at a maximum of about 1000 gpm at 150 atm. Typical 
performance curves are shown in Figure 7.4(c). 

Peristaltic pumps [Fig. 7.12(Һ)| move the liquid by squeezing a 
tube behind it with a rotor. Primarily they are used as metering 
pumps at low capacities and pressures in corrosive and sanitary 
Services when resistant flexible tubes such as those of teflon can be 
used, and in laboratories. 

Turbine pumps [Figs. 7.9(f), 7.12(i), and 7.4(a)] also are called 
regenerative or peripheral. They are primarily for small capacity 
and high pressure service. In some ranges they are more efficient 
than centrifugals. Because of their high suction lifts they are suited 
to handling volatile liquids. They arc not suited to viscous liquids or 
abrasive slurries. 


7.5. EQUIPMENT FOR GAS TRANSPORT 


Gas handling equipment is used to transfer materials through pipe 
lines, during which just enough pressure or head is generated to 
overcome line friction, or to raise or lower the pressure to some 
required operating level in connected process equipment. The main 
classes of this kind of equipment are illustrated in Figures 7.18 and 
7.19 and are described as follows. 


1. Fans accept gases at near atmospheric pressure and raise the 
pressure by approximately 396 (12in. of water), usually on air 
for ventilating or circulating purposes. 

2. Blowers is a term applied to machines that raise the pressure to 
an intermediate level, usually to less than 40 psig, but more than 
accomplished by fans. 

3. Compressors are any machines that raise the pressure above the 
levels for which fans are used. Thus, in modern terminology they 
include blowers. 

4. Jet compressors utilize a high pressure gas to raise other gases at 
low pressure to some intermediate value by mixing with them. 

5. Vacuum pumps produce subatmospheric pressures in process 
equipment. Often they are compressors operating in reverse but 
other devices also are employed. Operating ranges of some 
commercial equipment are stated in Table 7.3. 

6. Steam jet ejectors аге used primarily to evacuate equipment but 
also as pumps or compressors. They are discussed in Section 7.7. 


Application ranges of fans and compressors are indicated on 
Figures 7.20 and 7.21. Some of these categories of equipment now 
will be discussed in some detail. 


FANS 


Fans are made either with axial propellers or with a variety of radial 
vanes. The merits of different directions of curvature of the vanes 
are stated in Figure 7.24 where the effect of flow rate of pressure, 
power, and efficiency also are illustrated. Backward curved vanes 
are preferable in most respects. The kinds of controls used have a 
marked effect on fan performance as Figure 7.23 shows. Table 7.4 
shows capacity ranges and other characteristics of various kinds of 
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TABLE 7.1. Characteristics of Various Kinds of Pumps 





Pump Type 


Centrifugal 
(horizontal) 


Centrifugal 
(vertical) 


Axial 
Turbine 


Reciprocating 


Rotary 


Construction Style 


single-stage overhung, process type 
two-stage overhung 


single-stage impeller between 
bearings 

chemical 

slurry 

canned 

multistage, horizontally split casing 

multistage, barrel type 

single-stage, process type 

multistage 

inline 

high speed 

slump 

multistage, deep well 

propeller 

regenerative 

piston, plunger 

metering 

diaphragm 


Screw 


gear 


Construction Characteristics 


impeller cantilevered beyond bearings 

two impellers cantilevered beyond 
bearings 

impeller between bearings; casing 
radially or axially split 

casting patterns designed with thin 
sections for high-cost alloys 

designed with large flow passages 


no stuffing box; pump and motor 
enclosed in a pressure shell 
nozzles located in bottom half of casing 


outer casing contains inner stack of 
diaphragms 
vertical orientation 


many stages with low head per stage 

inlíne installation, similar to a valve 

speeds to 380 rps, heads to 5800 ft 
(1770 m) 

casing immersed in sump for easy 
priming and installation 

long shafts 

propeller-shaped impeller 

fluted impeller. Flow path resembles 
screw around periphery 

slow speeds 


consists of small units with precision 
flow control system 
no stuffing box 


1, 2, ог 3 screw rotors 


intermeshing gear wheels 


Notes 


capacity varies with head 

used for heads above single-stage 
capability 

used for high flows to 1083 ft (330 т) head 


have low pressure and temperature 
ratings 

low speed and adjustable axial clearance; 
has erosion control features 

low head capacity limits when used in 
chemical services 

have moderate temperature-pressure 
ranges 

used for high temperature-pressure 
ratings 

used to exploit low net positive section 
head (NPSH) requirements 

low-cost installation 

low-cost installation 

high head/low flow; moderate costs 


low cost 


used for water well service 

vertical orientation 

capacity independent of head; low 
flow/high head performance 

driven by steam engine cylinders or 
motors through crankcases 

diaphragm and packed plunger types 


used for chemical slurries; can be 
pneumatically or hydraulically actuated 

for high-viscosity, high-flow high-pressure 
services 

for high-viscosity, moderate- 
pressure/moderate-flow services 





(Cheremisinoff, 1981). 


TABLE 7.2. Typical Performances of Various Kinds of Pumps? 


Type 


Centrifugal 
(horizontal) 


Centrifugal 
(vertical) 


Axial 
Turbine 
Reciprocating 


Rotary 


81 m?/min = 264 арт, 1 m = 3.28 ft, 1 bar = 14.5 psi, °С = (°F — 32)/1.8. 


Style 


single-stage overhung 

two-stage overhung 

single-stage impeller between 
bearings 

chemical 

slurry 

canned 

multistage horizontal split 

multistage, barrel type 

single stage 

multistage 

inline 

high speed 

sump 

multistage deep well 

propeller 

regenerative 

piston, plunger 

metering 

diaphragm 

Screw 

gear 





Max Max 
Capacity Head P 
(gpm) (ft) (psi) 
15—5,000 492 600 
15-1,200 1394 600 
15-40,000 1099 980 
1000 239 200 
1000 394 600 
1-20,000 4921 10,000 
20-11,000 5495 3000 
20-9,000 5495 6000 
20-10,000 804 600 
20-80,000 6004 700 
20-12,000 705 500 
5-400 5807 2000 
10-700 197 200 
5-400 6004 2000 
20-100,000 39 150 
1-2000 2493 1500 
10-10,000 113x105 >50,000 
0-10 1.70 x 10° 50,000 
4-100 1.13 x 10° 3500 
1-2000 6.79 x 10° 3000 
1—5000 11,155 500 





NPSH Max T Efficiency 
(ft) CF) (%) 
6.56—19.7 851 20—80 
6.56-22.0 851 20-75 
6.56-24.9 401—851 30-90 
3.94-19.7 401 20-75 
4.92-24.9 851 20-80 
6.56-19.7 1004 20-70 
6.56-19.7 401-500 65-90 
6.56-19.7 851 40-75 
0.98—19.7 653 20-85 
0.98—19.7 500 25-90 
6.56-19.7 500 20-80 
7.87-39.4 500 10-50 
0.98-22.0 45-75 
0.98-19.7 401 30—75 
6.56 149 65-85 
6.56-8.20 248 55--85 
12.1 554 65-85 
15.1 572 20 
12.1 500 20 
9.84 500 50-80 
9.84 653 50-80 





TABLE 7.3. Operating Ranges of Some Commercial Vacuum 


Producing Equipment 





Operating Range 
Type of Pump 
Reciprocating piston 
1-stage 760-10 
2-stage 760—1 
Rotary piston oil-sealed 
1-stage 760-10 ? 
2-stage 760-10 ? 
Centrifugal multistage (dry) liquid jet 760—200 
Mercury Sprengel 760-10 ? 
Water aspirator (18°С} 760-15 
Two-lobe rotary blower (Roots type) 20-10 * 
Turbomolecular 1077-4107! 
Zeolite sorption (liquid nitrogen cooled) 760-10 ? 
Vapor jet pumps 
Steam ejector 
1-stage 760—100 
2-stage 760—10 
3-stage 760-1 
4-stage 760-3 x 107" 
5-stage 760-5 x 107? 
Qil ejector (1-stage) 2-1072 
Diffusion-ejector 2-1074 
Marcury diffusion with trap 
l-stage 107'-<10 9 
2-stage 1-<1076 
3-stage 10- «1079 
Oil diffusion 
1-stage 1071-5 x 10 9 
4-stage fractionating (untrapped) 5x10 7-10? 
4-stage fractionating (trapped) 5x10 '-10 "? 
Getter-ion (sputter-ion) 1073-1077 
Sublimation (titanium) 1074-4107" 
Cryopumps (20 К) 1077-49 7? 
Cryosorption [15 К) 10 7-10 7? 


(Encyclopedia of Chemical Technology, Wiley-Interscience, New 


York, 1978-1984). 


fans. Figure 7.24 allows exploration of the effects of changes 


in specific speed or diameter on the efficiencies and other 
characteristics of fans. The mutual effects of changes in flow rate, 
pressure, speed, impeller diameter, and density are related by the 
"fan laws" of Table 7.5, which apply to ail rotating propelling 
equipment. 


COMPRESSORS 


The several kinds of commerciai compressors are identified in this 
classification: 


1. Rotodynamic 
a. Centrifugal (radial flow) 
b. Axial fiow 
2. Positive displacement 
a. Reciprocating piston 
b. Rotary (screws, blades, lobes, etc.). 


Sketches of these several types are shown in Figures 7.19 and 7.20 
and their application ranges in Figures 7.20 and 7.21. 


CENTRIFUGALS 


The head-flow rate curve of a centrifugal compressor often has a 
maximum as shown on Figure 3.21, similar to the pump curve of 
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Figure 7.7(c). To the left the developed head increases with flow, 
but to the right the head decreases with increasing flow rate. At the 
peak the flow pulsates and the machine vibrates. This operating 
point is called the surge limit and is always identified by the 
manufacturer of the equipment, as shown on Figure 7.25 for those 
centrifugal and axial machines. Stable operation exists anywhere 
right of the surge limit. Another kind of flow limitation occurs when 
the velocity of the gas somewhere in the compressor approaches 
sonic velocity. The resulting shock waves restrict the flow; a slight 
increase in flow then causes a sharp decline in the developed 
pressure. 

Table 7.6 shows as many as 12 stages in a single case. These 
machines are rated at either 10K or 12K ft/stage. The higher value 
corresponds to about 850 ft/sec impeller tip speed which is near the 
limit for structural reasons. The limitation of head/stage depends on 
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Figure 7.15. Effects of viscosity on performance of centrifugal 
pumps: (a) Hydraulic Institute correction chart for pumping liquids. 
(b) Typical performances of pumps when handling viscous liquids. 
The dashed lines on the chart on tbe left refer to a water pump that 
has a peak efficiency at 750 gpm and 100 ft head; on a liquid with 
viscosity 1000 SSU (220 CS) the factors relative to water are 
efficiency 6495, capacity 95% and head 89% that of water at 120% 
normal capacity (1.2Q,,). 
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Figure 7.15—(continued) 


the nature of the gas and the temperature, as indicated on Figure 
7.26. Maximum compression ratios of 3-4.5 per stage with a 
maximum of 8-12 per machine are commonly used. Discharge 
pressures as high as 3000-5000 psia can be developed by centrifugal 
compressors. 

A specification form is included in Appendix B and as Table 
4.4. Efficiency data are discussed in Section 7.6, Theory and 
Calculations of Gas Compression: Efficiency. 


AXIAL FLOW COMPRESSORS 


Figure 7.18(b) shows the axial flow compressor to possess a large 
number of blades attached to a rotating drum with stationary but 
adjustable blades mounted on the case. Typical operating 
characteristics are shown on Figure 7.22(a). These machines are 
suited particularly to large gas flow rates at maximum discharge 
pressures of 80-130 psia. Compression ratios commonly arc 1.2-1.5 
per stage and 5-6.5 per machine. Other details of range of 
applications are stated on Figure 7.20. According to Figure 7.21, 
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Figure 7.16. Recommended values of net positive suction head 
(NPSH) at various temperatures or vapor pressures: (a) NPSH of 
several types of pumps for handling water at various temperatures. 
(b) Correction of the cold water NPSH for vapor pressure. The 
maximum recommended correction is one-half of the cold water 
value. The line with arrows shows that for a liquid with 30 psia 
vapor pressure at 100°F, the reduction in NPSH is 2.3 ft (data of 
Worthington International Inc.). 


specific speeds of axial compressors аге in the range of 1000-3000 
ог 50. 

Efficiencies аге 8-10% higher than those of comparable сеп- 
trifugal compressors. 


RECIPROCATING COMPRESSORS 


Reciprocating compressors are relatively low flow rate, high 
pressure machines. Pressures as high as 35,000—50,000 psi are 
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Figure 7.17. Operating points of centrifugal pumps under a variety of conditions. (a) Operating points with a 
particular pump characteristic and system curves corresponding to various amounts of flow throttling with a 
control valve. (b) Operating point with two identical pumps in parallel; each pump delivers one-half the fiow 
and each has the same head. (c) Operating point with two identical pumps in series; each pump delivers 


one-half the head and each has the same flow. 
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Figure 7.18. Heavy-duty centrifugal, axial, and reciprocating compressors. (a) Section of a three-stage compressor provided with 
steam-sealed packing boxes (DeLaval Steam Turbine Co.). (b) An axial compressor (Clark Brothers Со.). (c) Double-acting, two-stage 


reciprocating compressor with water-cooled jacket and intercooler (Ingersoll-Rand Co.). 
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Figure 7.18—{ continued) (c) 
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Figure 7.19. Some rotary positive displacement compressors. (a) A two-lobe blower. (b) Performance of a two-lobe blower 
(Roots-Connersville Co.). (c) A screw pump with one power and two idle rotors (Kristal and Annett, 1940). (d) Performance of 3.5" screw 
pump handling oils at 1150 rpm against 325 psig (Kristal and Annett, 1940). (е) Principle of the liquid ring seal compressor (Nash Engineering 
Co.). (f) A sliding vane blower (Beach-Russ Co.). 
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Figure 7.19.—(continued) 
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Figure 7.20. Applications ranges of compressors and fans (Worthington): (а) Pressure-capacity ranges for air at 1 atm, 60°F, 0.075 lb/cuft. (b) 
Head-capacity ranges for all gases. Similar charts are given by Ludwig (1983, Vol. 1, p. 251) and Chemical Engineers Handbook (1984, p. 


6.21). 


ceveloped with maximum compression ratios of 10/stage and any 
Gesired number of stages provided with intercoolers. Other data of 
application ranges are in Figure 7.20. The limitation on compression 
ratio sometimes is due to the limitations on discharge temperature 
which normally is kept below 300?F to prevent ignition of machine 
lubrications when oxidizing gases are being compressed, and to the 
fact that power requirements are proportional to the absolute 
temperature of the suction gas. 

A two-stage double-acting compressor with water cooled 
cylinder jackets and intercooler 18 shown in Figure 7.18(c). Selected 
cimensional and performance data are in Table 7.7. Drives may be 
with steam cylinders, turbines, gas engines or electrical motors. А 
specification form is included in Appendix B. Efficiency data are 
discussed in Section 7.6, Theory and Calculations of Gas 
Compression: Temperature Rise, Compression Ratio, Volumetric 
Efficiency. 


ROTARY COMPRESSORS 


Four of the many varieties of these units are illustrated in Figure 
7.19. Performances and comparisons of five types are given in 
Tables 7.8-7.9. Al] of these types also are commonly used as 
vacuum pumps when suction and discharge are interchanged. 

Lobe type units operate at compression ratios up to 2 with 
efficiencies in the range of 80-95%. Typical relations between 
volumetric rate, power, speed, and pressure boost are shown in 
Figure 7.19(b). 

Spiral screws usually run at 1800—3600 rpm. Their capacity 
ranges up to 12,000 СЕМ or more. Normal pressure boost is 
3-20 psi, but special units can boost pressures by 60-100 psi. In 
vacuum service they can produce pressures as low as 2 psia. Some 
other performance data are shown with Figure 7.19(d). 

The sliding vane compressor can deliver pressures of 50 psig or 
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Figure 7.21. Operating ranges of single-stage pumps and compressors [Balje, Trans. ASME, J. Eng. Power. 84, 103 (1962)]. 
Example: atmospheric air at the rate of 100,000 SCFM is compressed to 80,000 ft Ibf/ft (41.7 psig) at 12,000 rpm; calculated 
М, = 103; in the radial flow region with about 80% efficiency, D, = 1.2-1.6, so that D = 2.9-3.9 ft. 
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Figure 7.22. Performances of dynamic compressors: (a) Axial compressor. (b) Centrifugal compressor. All quantities are expressed as 


percentages of those at the design condition which also is the condition of maximum efficiency (De Laval Engineering Handbook, 
McGraw-Hill, New York, 1970). 
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TABLE 7.4. Performance Characteristics of Fans? 








Quantity Diameter 
(1000 acfm) Head Opt. (in.) 

---------- Inches V Max | -——————— Pea 

Description Min Мах Water (fps) ам Міп Мах м, D, Eff. 

Axial propeller 8 20 10 410 0.13 23 27 470 0.63 77 
Axial propeller 20 90 8 360 0.12 27 72 500 0.60 80 
Axial propeller 6 120 2.5 315 0.10 27 84 560 0.50 84 
Radial air foil 6 100 22 250 0.45 18 90 190 0.85 88 
Radial BC 3 35 18 260 0.63 18 90 100 1.35 78 
Radial open МН 2 27 18 275 0.55 18 66 97 1.45 56 
Radial MH 2 27 18 250 0.55 18 66 86 1.53 71 
Radial IS 2 27 18 250 0.55 18 66 86 1.53 66 
Vane БІ flat 1 10 12 250 0.43 10 30 210 0.81 70 
Vane FC 1 10 2 65 1.15 10 30 166 0.65 66 





"аы = 32.2H/V", М, = NO^5/V?"* (specific speed), 0, = ру2%/095 (specific diameter), where 
D = diameter (ft), Н = head (ft), О = suction flow rate (cfs), V = impeller tip speed (fps), and N = rotation speed 
(rpm). 

(Evans, 1979). 


Head-Capacity at 








Brake horsepower, BHP 








1200 rpm TABLE 7.5. Fan Laws? 
Fan Variables 
Law — --- 
Head-Capacity at Number Ratio of - Ratio x Найо Ratio 
900 rpm 
1 a cfm size? х ірт 1 
b press т size” x грт x ô 
5 с НР size? x rpm 8 
m 
2 2 а cfm size? x press”? 1 ona 
BHP at 1200 rpm 9 грт - size, x press.” x 1/87 
BHP, inlet-vane control £ с НР size x press 1/8 
BHP, two-speed drive = 3 а rmm 4/size? x cfm 1 
- . 4 2 
BHP, multiple-step x b press m ‘size x cfm x ӛ 
E: с НР 1/size x cfm 8 
вир 00 4 а cfm size“? x Hp" 1/58 
at 800 rpm b рез  - 1/size™? x Hp? x vs 
с rpm 1/size “3 x Hp? 1/865 
Б a size cfm”? x 1/press ^ 874 
b rpm = ст"? x press ^ х 1/63“ 
с НР сіт x press 1 
. . - 6 а size cfm"? x 1/rpm ^? 1 
0 25 50 75 100 125 150 b press - cfm?? x rpm x 8 
Capacity, KCFM c НР cfm** x rpm 6 
Control Contro! Required Power Advantages (A), and 7 a size press" x  1/rpm 1/6"? 
Type Cost Input Disadvantages (D) b ст - press" х  1/rpm? x 1/ 54% 
5/2 2 2 
a low high (А) simplicity; (D) c HP press x 1/ют 1/8 
high power input 8 a size 4JHP "^ x т?“ n 
b moderate moderate (A) lower input b rpm _ Hp? x пуст x 89^ 
power; (D) higher c press HP x  T/cím 1 
cost va 
с low moderate (А) simplicity; (D) 9 a size HP? x ЛҮргевг 4 б 
fan erosion b трт — 1HP'? х press" x 1/5 
d moderate modarate (D) complex; also с сіт НР x 1/ргеѕѕ 1 
needs dampers А М5 xs 1/5 
е high low (A) simple; no dampers 10 a size HP в х rpm 1/5 e 
needed b ст - НР x 1/грт х Mà. 
. с press НР?” х rpm? à 
Figure 7.23. Performances of fans with several kinds of controls " 
(American Standard Co. Inc.). (a) A damper in the duct with ô = p] g.. . 2.2 . 
constant-speed fan drive, (b) two-speed fan driver, (c) inlet vanes or For example, the pressure P varies as D'N'p/g, line 1(b), 


inlet louvers with a constant-speed fan drive, (d) multiple-step  Q7(p/g,)/D* line 3(b), р/с)" D** line 4(b), Q??N*?p/g, line 
variable-speed fan drive, and (e) hydraulic or electric coupling with 6(Ь), P/O line 8(c), and P?9N^5(p/g. 5 line 10(с). 
constant-speec. driver giving wide control over fan speed. (R.D. Madison, 1949). 
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Figure 7.24. Performances of fans with various-shaped blades (Green Fuel Economizer Co.): (a) Backward curved blades. (b) Straight radial 
blades. (c) Forward curved blades. (d) Comparison of characteristics of the several blade types (Sturtevant). 


TABLE 7.6. Specifications of Centrifugal Compressors 


$ 
Normal Inlet Flow Nominal Polytropic Nominal Polytropic Nominal Maximum брега а! 
Range? Head per Stage” Efficiency No. of Polytropic 
Frame (ft? / min) (H,) (ny) Stages^ Head/Stage 

29M 500—8000 10,000 0.76 10 11500 
38M 6000—23,000 10,000/12,000 0.77 9 8100 
46M 20,000—35,000 10,000/12,000 0.77 9 6400 
60M 30,000—58,000 10,000/12,000 0.77 8 5000 
70M 50,000—85,000 10,000/12,000 0.78 8 4100 
88M 75,000—130,000 10,000/12,000 0.78 8 3300 
103M 110,000—160,000 10,000 0.78 7 2800 
110M 140,000—190,000 10,000 0.78 7 2600 
25MB (H) (HH) 500—5000 12,000 0.76 12 11500 
32MB (H) (HH) 5000—10,000 12,000 0.78 10 10200 
38MB (H) 8000--23,000 10,000/12,000 0.78 9 8100 
46MB 20,000—35,000 10,000/12,000 0.78 9 6400 
60MB 30,000—58,000 10,000/12,000 0.78 8 5000 
70MB 50,000—85,000 10,000/12,000 0.78 8 4100 
88MB 75,000— 130,000 10,000/12,000 0.78 8 3300 


8 Maximum flow capacity is reduced in direct proportion to speed reduction. 
Use either 10,000 or 12,000 ft for each impeller where this option is mentioned. 

* At reduced speed, impellers can be added. 

(Elliott Co.). 
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Figure 7.25. Efficiency and head coefficient qaa as functions of 
specific speeds and specific diameters of various kinds of impellers 
(Evans, 1979). Example: An axial propeller has an efficiency of 
70% at М, = 200 and D, = 1.5; and 85% at №, = 400 and D, = 0.8. 
See Table 7.4 for definitions of 4,2, N,, and В,. 


pull a vacuum of 28 in. of mercury. А two-stage unit can deliver 
250 psig. A generous supply of lubricant is needed for the sliding 
vanes. Table 7.9 shows that power requirements are favorable in 
comparison with other rotaries. 

Liquid-liner compressors produce an oil-free discharge of up to 
125 psig. The efficiency is relatively low, 50% or so, but high 
enough to make them superior to steam jet ejectors for vacuum 
service. The liquid absorbs the considerable heat of compression 
and must be circulated and cooled, a 200 HP compressor requires 
100 gpm of cooling water with a 10°F rise. When water vapor is 
objectionable in the compressed gas, other sealing liquids are used; 
for example, sulfuric acid for the compression of chlorine. Figure 
7.19(e) shows the principle and Table 7.10 gives specifications of 
some commercial units. 


7.6. THEORY AND CALCULATIONS OF GAS COMPRESSION 


The main concern of this section is how to determine the work 
requirement and the effluent conditions of a compressor for 
which the inlet conditions and the outlet pressure are specified. 





Theoretical methods allow making such calculations for ideal and 
real gases and gas mixtures under isothermal and frictionless 
adiabatic (isentropic) conditions. In order that results for actual 
operation can be found it is neecessary to know the efficiency of the 
equipment. That depends on the construction of the machine, the 
mode of operation, and the nature of the gas being processed. In 
the last analysis such information comes from test work and its 
correlation by manufacturers and other authorities. Some data are 
cited in this section. 


DIMENSIONLESS GROUPS 


The theory of dimensionless groups of Section 7.2, Basic Relations, 
also applies to fans and compressors with rotating elements, for 
example, Eqs. (7.8)-(7.10) which relate flow rate, head, power, 
speed, density, and diameter. Equivalent information is embodied 
in Table 7.5. The concept of specific speed, Eqs. (7.11) and (7.12), 
also is pertinent. In Figures 7.21 and 7.25 it is the basis for 
identifying suitable operating ranges of various types of compressors. 


IDEAL GASES 


The ideal gas or a gas with an equation of state 


PV =2ВТ (7.18) 
is a convenient basis of comparison of work requirements for real 
gases and sometimes yields an adequate approximation of these 
work requirements. Two limiting processes are isothermal and 
isentropic (frictionless adiabatic) flows. Changes in elevation and 
velocity heads are considered negligible here. With constant 
compressibility z the isothermal work is 


P 
М-| VdP-zRT (PP). 


А 


(1.19) 


Under isentropic conditions and with constant heat capacities, the 
pressure-volume relation 15 


PV* = РУ® = const, (7.20) 
where 
к = С/С, (7.21) 


TABLE 7.7. Some Sizes of One- апа Two-Stage Reciprocating Compressors 


(a) Horizontal, One-Stage, Belt-Driven 





Diameter 
Cylinder Stroke Displacement 
біп.) біп.) (cuft/ min.) rpm 
3 6 106 310 
gt в 170 300 
10 10 250 285 
51 12 350 270 
ёз 6 136 350 
10 9 245 300 
11 10 312 285 
13 12 495 270 
12 9 350 300 
13 10 435 285 
15 12 660 270 


(Worthington Corp.). 


Brake Openings (in.) 
Air Pressure HP at Rated 
(1b/sq in.) Pressure Inlet Outlet 
80-100-125 15.9--17-18 2i 2i 
80-100-125 25-27-29 3 3 
80-100-125 36-38.5-41 3i 8j 
80—100—125 51-57-60 — 4 
40-60 15-18.5 - 3 
40-75 27-34 3i 3i 
40—75 34—43 4 4 
40-75 54-70 5 5 
20-45 30-42 4 4 
30-45 42-52 6 в 
30-50 59-74 7 7 
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TABLE 7.7—(continued) 


(b) Horizontal, One-Stage, Steam-Driven? 





Diameter, Diameter, 
Steam Air 
Cylinder Cylinder, Displacement, Air Pressure, 
(in.) (in.) Stroke (in.) (cuft/ min) rpm (16/54 in.) 
7 7i 6 106 350 80-100-125 
8 8; 9 170 300 80-100—125 
9 10 10 250 285 80—100—125 
10 11 12 350 270 80-100—125 
7 8i 6 136 350 40-60 
8 10 9 245 300 40-75” 
9 11 10 312 285 40—75° 
10 13 12 495 270 40-75” 
8 12 9 350 300 20-45% 
9 13 10 435 285 20-45% 
10 15 12 660 270 20—50° 
„АП machines have piston-type steam valves. 
110-16 steam necessary for maximum air pressure. 
© 425-Ib steam necessary for maximum air pressure. 
(Worthington Corp.). 
(c) Horizontal, Two-Stage, Belt-Driven 
Díameter Cylinder (in.) Piston 
-—_——————— Displacement 
Low Pressure High Pressure Stroke (in.) rpm (cuft free air/ min) 
4 21 4 500 28 
6 25 6 350 65 
8 38 8 300 133 
10 4 10 275 241 
(Ingersoli-Rand Co.). 
TABLE 7.8. Summary of Rotary Compressor Performance Data 
Type 
Helical Spiral Straight Sliding Liquid 
Screw Axial Lobes Vanes Liner 
Configuration, 8 16 
features (male x female) 4x6 2x4 2x2 Blades Sprockets 
Max displacement (cfm) 20,000 13,000 30,000 6,000 13,000 
Max diameter (in.) 25 16 18 33 48 
Min diameter (in.) 4 6 10 5 12 
Limiting tip speed (Mach) 0.30 0.12 0.05 0.05 0.06 
Normal tip speed (Mach) 0.24 0.09 0.04 0.04 0.05 
Max L/d, low pressure 1.62 2.50 2.50 3.00 1.1 
Normal L/d, high pressure 1.00 1.50 1.50 2.00 1.00 
V factor for volumetric efficiency 7 3 5 3 3 
X factor for displacement 0.0612 0.133 0.27 0.046 0.071 
Normal overall efficiency 75 70 68 72 50 
Normal mech. eff. at +100 HP (95) 90 93 95 94 90 
Normal compression ratio FR, 2/3/4 3 1.7 2/3/4 5 
Normal blank-off R, 6 5 5 7 9 
Displacement form factor A, 0.462 1.00 2.00 0.345 0.535 


(Evans, 1979). 
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TABLE 7.9. Five Rotary Compressors for a Common Service 


Helical 

Screw 
Suction loss 0; 9.35 
Discharge loss 0, 7.35 
Intrinsic corr. B 1.185 
Adiabatic eff. nog 85.6 
Slippage W, (%) 28.5 
Slip eff. у, (%) 71.5 
Thermal eff. 7, (%) 89.2 
Volumetric eff. E, 68.0 
Displacement (cfm) 14,700 
Rotor dia. (in.) 26.6 
Commercial size, d x L 25x25 
Speed (rpm) 3,500 
Motor (HP) 1,100 
Service factor 1.09 
Discharge temp °F 309 





Type 
Spiral Straight Sliding Liquid 
Axial Lobes Vanes Liner 
1.32 0.89 0.90 1.40 
1.04 0.70 0.70 1.10 
1,023 1,016 1.016 1.025 
97.7 98.5 98.5 97.9 
16.6 11.8 11.8 3.0 
83.4 88.2 88.2 97.0 
93.7 95.8 95.5 42.5 
85.7 89.1 89.9 96.6 
11,550 11,220 11,120 10,370 
26.2 27.0 65.0 45.5 
22x33 22x33 46 x 92? 43 x 48° 
1,250 593 284 378 
800 750 750 1,400 
1.11 1.10 1.12 1.10 
270 262 263 120 


а Twin 32.5 x 65 or triplet 26.5 x 33 (667 rpm) are more realistic, 


? Twin 32 x 32 (613 rpm) alternate where L = d. 
(Evans, 1979). 


is the ratio of heat capacities at constant pressure and constant 
volume and 


C, -R-C, (7.22) 
A related expression of some utility is 
ТТ, = (P| P)". (7.23) 


Since k ordinarily is a fairly strong function of the temperature, а 
suitable average value must be used in Eq. (7.20) and related ones. 
Under adiabatic conditions the flow work may be written as 


Py 
W=H,- = | VaP. (7.24) 
Pi 


Upon substitution of Eq. (7.20) into Eq. (7.24) and integration, the 
isentropic work becomes 


P, 
М,-Н,-Н,-РҮүғу dP/P"* 


P 


A ыт)”. 
=| — ja RD = —1|. 7. 
(JEN P, 0.25) 
TABLE 7.10. Specifications of Liquid Liner Compressors 
Compressor Pressure Capacity Motor Speed 
(size) (psi) {сий / тіп) (НР) (rpm) 
5 1020 40 
K-6 10 990 60 570 
15 870 75 
20 650 100 
621 26 73 3500 
1251 35 120 40 1750 
1256 440 100 1750 
621 23 10 3500 
1251 80 110 50 1750 
1256 410 150 1750 


(Nash Engineering Co.). 


In multistage centrifugal compression it is justifiable to take the 
average of the inlet and outlet compressibilities so that the work 
becomes 


(k —1y/k 
W-H-H- (zen 1 (7.26) 


When friction is present, the problem is handled with empirical 
efficiency factors. The isentropic compression efficiency is defined as 





isentropic work or enthalpy change 





s= actually required work or enthalpy change ` (7.27) 
Accordingly, 
W = AH = Wn, = (АН), /т,. (1.28) 


When no other information is available about the process gas, it is 
justifiable to find the temperature rise from 


АТ = (АТ), /т, (7.29) 
so that 
Т = T (0  (1/,)(/ P) P* — 1]. (7.30) 


A case with variable heat capacity is worked out in Example 
7.5. 
For mixtures, the heat capacity to use is the sum of the mol 





EXAMPLE 7.4 

Gas Compression, Isentropic and True Final Temperatures 
With А 21.4, P,/P,=3 and 1, = 0.71; the fina: temperatures are 
(Т), = 1.3697, and T; = 1.5197, with Eqs. (7.24) and (7.31). 
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fraction weighted heat capacities of the pure components, 


C, = Хх,» (7.31) 


REAL PROCESSES AND GASES 


Compression in reciprocating and centrifugal compressors is 
essentially adiabatic but it is not frictionless. The pressure-volume 
behavior in such equipment often conforms closely to the equation 

PV" = ВУ! = const. (7.32) 
Such а process is called polytropic. The equation is analogous to the 
isentropic equation (7.20) but the polytropic exponent z is different 
from the heat capacity ratio К. 

Polytropic exponents are deduced from PV measurements on 
the machine in question. With reciprocating machines, the PV data 
are recorded directly with engine indicators. With rotary machines 
other kinds of instruments are used. Such test measurements usually 
are made with air. 

Work in polytropic compression of a gas with equation of state 
PV —zRT is entirely analogous to Eq. (7.26). The hydrodynamic 
work or the work absorbed by the gas during the compression is 


Py (n—1)/n 
МШа-| VdP- ("ева (2) -1| 


a — Р, (7.33) 


Manufacturers usually characterize their compressors by their 
polytropic efficiencies which are defined by 


(У) minc 


The polytropic work done on the gas is the ratio of Eqs. (7.33) and 
(7.34) and comprises the actual mechanical work done on the gas: 


k P (п—1)/п 
W, = Waal = (=> RT| (В) -Ц 


Losses in seals and bearings of the compressor are іп addition to 
М; they may amount to 1-3% of the polytropic work, depending 
on the machine. 

The value of the polytropic exponent is deduced from Eq. 
(7.34) as 





(7.34) 


(7.35) 


kn 


=. 
1—k(1—- np) 


(7.36) 


The isentropic efficiency is 


_ isentropic work [Eq. (7.25)] 
1, = — actual work [Eq. (7.35)] (7.37) 


_ (P/P) —1 





= (BIP) D] (7.38) 
_ (Р. ЇР, yé-o -1 
= (РУР) Wy, СТ . (7.39) 


Тһе last version is obtained with the aid of Eq. (7.34) and relates 
the isentropic and polytropic efficiencies directly. Figure 7.27(b) is a 
plot of Eq. (7.39). Example 7.6 is an exercise in the relations 
between the two kinds of efficiencies. 


MAXIMUM HEAD PER STAGE (FT-LB/LB! 


о 
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25 
: о 
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5 ооо 200°F 
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MOLECULAR WEIGHT 


(a) 


Approximate minimum number of stages required 





10 20 30 40 50 60 70 80 90 
Head, f!-Ib/Ib (multiply by 1000) 


(b) 


Ku? 
H= — — ft/stage 
32.2 


К = 0.50-0.65, empirical coefficient 
и = 600—900 ft / sec, impeller peripheral speed 
H = 10,000 with average values К = 0.55 and и = 765 ft / sec 


(c) 


Figure 7.26. Several ways of estimating allowable polytropic head 
per stage of a multistage centrifugal compressor. (a) Single-stage 
head as a function of 5, molecular weight, and temperature (Elliott 
Co.). (b) Single-stage head as a function of the nature of the gas 
(NGPSA Handbook, Gas Processors Assn, Tulsa, OK, 1972), 
obtained by dividing the total head of the compressor by number of 
stages. H = Ku?/32.2 ft/stage, К =0.50-0.65, empirical coefficient, 
и = 600-900 ft/sec, impeller peripheral speed, and H = 10,000 with 
average values К = 0.55 and и = 765 ft/sec. (c) An equation and 
parameters for estimation of head. 
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EXAMPLE 7.5 
Compression Work with Variable Heat Capacity 
Hydrogen sulfide heat capacity is given by 


C, = 7.629 + 3.431(E — 4)T + 5.809(E — 6)? 
—2.81(E — 9)T?,  cal/g moi, 
with T in К. The gas is to be compressed from 100?F (310.9 K) and 
14.7 psia to 64.7 psia. 


Assuming the heat capacity to be independent of pressure in 
this low range, the isentropic condition is 


> 
AS-| (С6,/Т)4Т-КіІшр,/Р) 


n 


Т; 
- Í (C,/T) dT — 1.987 In(64.7/14.7) = 0. 
310.9 


By trial, with a root-solving program, 


Т,= 441.1 К, 334.4°F (compared with 345°F from Example 7.7). 





The isentropic enthalpy change becomes 


441.1 
АН, = C, dT = 1098.1 cal/g mol 


310.1 


— 1098.1(1.8)/34.08 = 58.0 Btu/lb, 


compared with 59.0 from Example 7.7. The integration is 
performed with Simpson's rule on a calculator. 

The actual final temperature will vary with the isentropic 
efficiency. It is found by trial from the equation 


7, 


1098.1/7, = Í C, dT. 
1098.1 


Some values are 


Ns 1.0 0.75 0.50 0.25 
Т, 4411 482933 56429 791.72 


—-————— — ——— 2... 2... 


WORK ОМ NONIDEAL GASES 


The methods discussed thus far neglect the effect of pressure on 
enthalpy, entropy, and heat capacity. Although efficiencies often 
are not known well enough to justify highly refined calculations, 
they may be worth doing in order to isolate the uncertainties of a 
design. Compressibility factors are given for example by Figure 
7.29. Efficiencies must be known or estimated. 


Thermodynamic Diagram Method. When a thermodynamic 
diagram is available for the substance or mixture in question, the 
flow work can be found from the enthalpy change, 

W — AH. (7.40) 


The procedure is illustrated in Example 7.7 and consists of these 
steps: 


1. Proceed along the line of constant entropy from the initial 
condition to the final pressure Р, and enthalpy (7Z;),. 

2. Evaluate the isentropic enthalpy change (AH), = (H5), — H,. 

3. Find the actual enthalpy change as 


AH = (AH),/n, (7.41) 
and the final enthalpy as 
H, = H, +(АН),/т.. (1.42) 


4. At the final condition (P,, Hj) read ой any other desired 
properties such as temperature, entropy or specific volume. 


Thermodynamic diagrams are known for light hydrocarbons, 
refrigerants, natural gas mixtures, air, and a few other common 
substances. Unless a substance or mixture has very many 
applications, it is not worthwhile to construct a thermodynamic 
diagram for compression calculations but to use other equivalent 
methods. 


General Method. The effects of composition of mixtures and of 
pressure on key properties such as enthalpy and entropy аге 
deduced from PVT equations of state. This process is described in 
books on thermodynamics, for example, Reid, Prausnitz, and 
Sherwood (Properties of Liquids and Gases, McGraw-Hill. New 
York, 1977) and Walas (Phase Equilibria in Chemical Engineering, 
Butterworths, Stoneham, MA, 1985). Only the simplest correlations 
of these effects will be utilized here for illustration. 

For ideal gases with heat capacities dependent on temperature, 
the procedure requires the isentropic final temperature to be found 
by trial from 


Ts 
AS = (C,/ T) dT - К In(P// P.) ^ 0, (7.43) 
"n 
and then the isentropic enthalpy change from 
Ns 
АН = C, dT. (7.44) 


T 


The final temperature T, is found by trial after applying a known 
isentropic efficiency, 


7; 
(AH),/7, = І C, dT. (7.45) 


The fact that heat capacities usually are represented by empirical 
polynomials of the third or fourth degree in temperature accounts 
for the necessity of solutions of equations by trial. 

Example 7.5 applies this method and checks roughly the 
calculations of Example 7.7 with the thermodynamic diagram of this 
substance. The pressures are relatively low and are not expected to 
generate any appreciable nonideality. 

This method of calculation is applied to mixtures by taking a 
mol fraction weighted heat capacity of Фе mixture, 


C, = У, С, 


When the pressure range is high or the behavior of the gas is 


(7.46) 
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Polytropic 
Efficiency, % 


Compression 


82 
8 
иш 


78 || Do not use below 
Ш 1500 СЕМ 44-4 


Т 











76 
74 
72 
70 





Add Approximately 1-3% 
Bearing & Seal Loss 


Suction Volume CFM 
TABLE OF CORRECTION FACTORS DUE TO COMPRESSION RATIO 


Inlet Volume in CFM 


Ratio 1500 2000 3000 4000 5000 7500 15,000 30,000 
135 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
1.75 983 990 990 994 996 996 996 996 
2.25 976 977 .986 .985 991 995 995 995 
2.80 — 1969 980 .980 .989 992 993 994 
5.00 — — 965 970 972 985 -991 .996 

10.00 — — — 944% 955% 960% 985% 989% 
15.00 — — -- -- 935% 957% 971% 986% 


Notes: Asterisk indicates figures applying only to high molecular weight hydrocarbons. 


Factors apply on one compressor body with six or less impellers. 


кеі 


K AYIR" K-1) 


TADIABATIC 


COMPRESSION ADIABATIC EFFICIENCY 


(а) 


(R 


10 15 2.0 2.5 $0 35 
PRESSURE RATIO Pp/ Ps 


(c) 











Isentropic Eff. 
Potytropic Eff. 


60,000 
& over 


RATIO : 





60 70 80 90 100 
Polytropic Efficiency 


(b) 


Efficiencies 
Compression Ratio — (Engine-driven*) 
1.1 50-60 
1.2 60-70 
13 65-80 
1.5 70-85 
2.0 75-88 
2.5 80-89 
3.0 82-90 
4.0 85-90 
40 45 *Multiply by 0.95 for motor-driven 
compressors. 


Figure 7.27. Efficiencies of centrifugal and reciprocating compressors. (a) Polytropic efficiencies of centrifugal compressors as a function of 
suction volume and compression ratio (Clark Brothers Co.). (b) Relation between isentropic and polytropic efficiencies, Eqs. (7.22) (7.23). 
(c) Isentropic efficiencies of reciprocating compressors (De Laval Handbook, McGraw-Hill, New York, 1970). Multiply by 0.95 for motor 


drive. Gas 


engines require 7000-8000 Btu/HP. 


EXAMPLE 7.6 

Polytropic and Isentropic Efficiencies 
Take п» = 0.75, К = 1.4, and P,/P, =3. From Eq. (7.39), п = 1.6154 
and 7,=0.7095. With Figure 7.27(b), ф =3°787 = 1.3687, 
Ns = 0.9451, = 0.709. The agreement is close. 


nonideal for any other reason, the isentropic condition becomes 
Т»; 
А$ = (C;/T) dT — R In(P,/P,) + AS, — А55 0. (7.47) 
т 


After the final isentropic temperature 75, has been found by trial, 
the isentropic enthalpy change is obtained from 


Tas 
(АН), = С, dT + AH, — AH. (7.48) 


T 
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(b) 


Figure 7.28. Residual entropy and enthalpy as functions of reduced 
properties. (a) Residual entropy. (b) Residual enthalpy. Drawn by 
Smith and Van Ness (Introduction to Chemical Engineering 
Thermodynamics, McGraw-Hill, New York, 1959) from data of 
Lydersen et al. For illustrative purposes primarily; see text for other 
sources.) 


In terms of a known isentropic efficiency the final temperature 7, 
then is found by trial from 


7 
(AH),/n,= | C; dT + AH} – AH}. 


"n 


(7.49) 


In these equations the heat capacity С; is that of the ideal gas 
state or that of the real gas near zero or atmospheric pressure. The 
residual properties AS{ and АН! are evaluated at (P,, Т) and AS; 
and АН; at (Р,, T3). Figure 7.28 gives them as functions of reduced 
temperature Т/Т. and reduced pressure Р/Р.. More accurate 
methods and charts for finding residual properties from appropriate 
equations of state are presented in the cited books of Reid et al. 
(1977) and Walas (1985). 

For mixtures, pseudocritical properties are used for the 
evaluation of the reduced properties. For use with Figure 7.28, 
Kay's rules are applicable, namely, 


(Р) тк = > хар,» 
(Te) mix = > xit; 


(7.50) 
(7.51) 


but many equations of state employ particular combining rules. 
Example 7.8 compares a solution by this method with the 
assumption of ideal behavior. 


EFFICIENCY 


Тһе efficiencies of fluid handling equipment such as fans and 
compressors are empirically derived quantities. Each manufacturer 
will supply either an efficiency or a statement of power requirement 
for a specified performance. Some general rules have been devised 
for ranges in which efficiencies of some classes equipment usually 
fall. Figure 7.27 gives such estimates for reciprocating compressors. 
Fan efficiencies can be deduced from the power-head curves of 
Figure 7.24. Power consumption or efficiencies of rotary and 
reciprocating machines are shown in Tables 7.7, 7.8, and 7.9. 

Polytropic efficiencies аге obtained from measurements of 
power consumption of test equipment. They are essentially 
independent of the nature of the pas. As the data of Figure 7.27 
indicate, however, they are somewhat dependent on the suction 
volumetric rate, particularly at low values, and on the compression 
ratio. Polytropic efficiencies of some large centrifugal compressors 
are listed in Table 7.6. These data are used in Example 7.9 in the 
selection of a machine for a specified duty. 

The most nearly correct methods of Section 7.6.4 require 
knowledge of isentropic efficiencies which are obtainable from the 
polytropic values. For a given polytropic efficiency, which is 
independent of the nature of the gas, the isentropic value is 
obtained with Eq. (7.39) or Figure 7.27(b). Since the heat capacity 
is involved in this transformation, the isentropic efficiency depends 
on the nature of the substance and to some extent on the 
temperature also. 


TEMPERATURE RISE, COMPRESSION RATIO, 
VOLUMETRIC EFFICIENCY 


The isentropic temperature in terms of compression ratio is given 
for ideal gases by 
(2), = TBP). (7.52) 


For polytropic compression the final temperature is given directly 
by 


Т, = T(P P)” (7.53) 
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EXAMPLE 7.7 

Finding Work of Compression with a Thermodynamic Chart 
Hydrogen sulfide is to be compressed from 100°F and atmospheric 
pressure to 50psig. The isentropic efficiency is 0.70. А 
pressure-enthalpy chart is taken from Starling (Fluid Thermo- 
dynamic Properties for Light Petroleum Systems, Gulf, Houston, 
TX, 1973). The work and the complete thermodynamic conditions 
for the process will be found. 

The path followed by the calculation is 1-2-3 on the sketch. 
The initial enthalpy is —86 Btu/Ib. Proceed along the isentrop 
5 = 1.453 to the final pressure, 64.7 psia, and enthalpy Н, = —27. 
The isentropic enthalpy change is 


ш. та 
i5 о 
E: i 


AH, = —27 — (-86) = 59 Btu/Ib. 
The true enthalpy change is 

АН = 59/0.70 = 84.3. 
The final enthalpy is 

H, = —86 + 84.3 = —1.7. 


Other conditions at points 2 and 3 are shown on the sketch. Тһе 
work is 





W — AH — 84.3 Btu/lb 








— 84.3/2.545 — 33.1 HP hr/(1000 Ib). Enthalpy, Btu/Ib 
EXAMPLE 7.8 When the residual properties are neglected, 
Compression Work on a Nonideal Gas 
Hydrogen sulfide at 450K and 15atm is to be compressed to Т, = 623.33 К (compared with 626.6 real), 
66 atm. The isentropic final temperature and the isentropic enthalpy = ; 

. . Н, = 1569. . . 
change will be found with the aid of Figure 7.28 for the residual AH, 69.5 (compared with 1487.7 real) 
properties. Н | Real temperature rise: 

The critical properties are T, = 373.2 К and P; = 88.2 atm. The 
heat capacity is stated in Example 7.5: With 5, = 0.75, the enthalpy change is 1487.7/0.75 and the 
ТА = 450/373.2 = 1.21, enthalpy balance is rearranged to 
7; 
Pr, = 15/88.2 = 0.17, a= 187, [| cp ar %75-АН; 20 
Pa = 66/88.2 = 0.75, 0.75 М 
^ AS; 0.15, 
АН! -0.2(373.2) = 75.0, Trial 
т Cp 66 > Т, Т, АН; rhs 
AS = мет 1987 15+ 0.15 — AS2=0, (1) 680 1.82 109 491.7 
n 670.79 1.80 112 —0.021 
АН, = Cp dT + 75.0 — АН». (2) 670.80 1.80 +0.075 
450 
^ Т, = 670.79 К. 
1. Assume a value of 7;. 
2. Evaluate Т, and AS}. For ideal gas 
3. Integrate Eq. (1) numerically and note the righthand side. 
4. Continue with trial values of 7, until AS — 0. 1569.5 в ? 
5. Find АН; and finally evaluate AH,. = 995 + зо Cp* dT —50 
Two trials are shown. By trial: 
ту T, А5 AS AH, АҢ, Т, = 670.49 К 
600 1.61 0.2 —0.047 


626.6 1.68 0.2 +0.00009 187 14877 Nonideality is slight іп this example. 








ЕХАМРГЕ 7.9 

Selection of a Centrifugal Compressor 
A. hydrocarbon mixture with molecular weight 44.23 is raised from 
41°F and 20.1psia to 100.5 psia at the rate of 240016 mol/hr. Its 
specific heat ratio is А=1.135 and its inlet and outlet 
compressibilities are estimated as z; = 0.97 and 2, = 0.93. A size of 
compressor wil be selected from Table 7.6 and its expected 
performance will be calculated: 


2400 Ib mol/hr = 1769 Ib/ min, 
19,260 cfm 


From Table 7.6, the smallest compressor for this gas rate is # 38M. 
Its characteristics are 


N — 8100 rpm at 10-12 К ft/stage 


Np = 0.77 
—» 100.5 
P, = 100.5 
P, = 20.1 Z, = 0.93 
Т,=41Е 
Z, = 0.97 
1759 ІМтіп 
10260 сіт 





or alternately in terms of the isentropic efficiency by 


(АТ) actual = Т, = Т - (AT isentropic! Ns (7.54) 
so that 
T= T, + (AT),/n, = Т,{1 + (Мп, [РР - 1}. (7-55) 


The final temperature is read ой directly from а thermo- 
dynamic diagram when that method is used for the compression 
calculation, as in Example 7.7. A temperature calculation is madc 
in Example 7.10. Such determinations also are made by the general 
method for nonideal gases and mixtures as in Example 7.8 and for 
ideal gases in Example 7.4. 


Compression Ratio. In order to savc on equipment cost, it is 
desirable to use as few stages of compression as possible. Аз a rule, 
the compression ratio is limited by a practical desirability to keep 
outlet temperatures below 300°F or so to minimize the possibility of 
ignition of machine lubricants, as well as the effect that power 
requirement goes up as outlet temperature goes up. Typical 
compression ratios of reciprocating equipment are: 


Large pipeline compressors 1.2-2.0 
Process compressors 1.5-4.0 
Small units up to 6.0 


For minimum equipment cost, the work requirement should be 
the same for each stage. For ideal gases with no friction losses 
between stages, this implies equal compression ratios. With n 
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Accordingly, 


n-1 К-і 0135 — 
n — kn, 1.135(0.77) 0.1545. 








Using Eq. (7.35) for the polytropic head, 


m- (PsC Een 7-1 





_ 1.135\ / 1544 0.1545 
=0.95 (Fase) (ges) 9008 -1 
= 39430 ft. 


From Figure 7.26(a), the max head per stage is 9700, and from 
Figure 7.26(b) the min number of stages is about 4.5. Accordingly, 
use five stages with standard 10,000 ft/stage impellers. The required 
speed with the data of Table 7.6 is 


speed = 8100\39430/10,000(5) = 7190 rpm. 
Power absorbed by the gas is 

p = rui, _ 1169(39,430) 
$5 33,0005, 33,000(0.77) 





= 2745 HP. 


Friction losses =3% max; 


7. total power input = 2745/0.97 = 2830 HP max. 


stages, accordingly, the compression ratio of each stage is 


РАР, = (P, P). (7.56) 
Example 7.11 works ош a case involving а nonideal раз and 
interstage pressure losses. 

In centrifugal compressors with all stages in the same shell, the 
allowable head rise per stage is stated in Table 7.6 or correlated in 
Figure 7.26. Example 7.9 utilizes these data. 


Volumetric Efficiency. For practical reasons, the gas is not 
completely discharged from a cylinder at each stroke of a 
reciprocating machine. The clearance of a cylinder is filled with 
compressed gas which reexpands isentropically on the return stroke. 
Accordingly, the gas handling capacity of the cylinder is less than 
the product of the cross section by the length of the stroke. The 
volumetric efficiency is 


suction gas volume 
Hy ——- Е 
cylinder displacement 
=1 = fA(P P) * =}, 





(7.57) 
where 


clearance volume 
cylinder displacement volume ' 





p 


For a required volumetric suction rate О (cfm), the required 
product of cross section A, (sqft), stroke length L, (ft), and speed N 
(rpm) is given by 


A,L,N = Q/n,. (7.58) 
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EXAMPLE 7.10 
Polytropic and Isentropic Temperatures 
Take k = 1.4, (P,/P,) =3, and n, = 0.75. From Eq. (7.34), 


(n – 1)/n = (k — 1)/ kn, = 0.3810 
and from Eq. (7.39) 


30-2857 -1 
п; = 30.3810 7 = 0.7094 


so that from Eq. (7.53), 
T/T, = 3038? = 1.5198, isentropic, 
and from Eq. (7.54), 


ТЫТ, = 1 + (1/0.7094)(3° 78” — 1) = 1.5197, polytropic. 





7.7. EJECTOR AND VACUUM SYSTEMS 


Application ranges of the various kinds of devices for maintenance 
of subatmospheric pressures in process equipment are shown in 
Table 7.3. The use of mechanical pumps—compressors іп reverse— 
for such purposes is mentioned earlier in this chapter. Pressures 
also can be reduced by the action of flowing fluids. For instance, 
water jets at 40 psig will sustain pressures of 0.5-2.0 psia. For 
intermediate pressure ranges, down to 0.1 Torr ог so, steam jet 
ejectors are widely favored. They have no moving parts, are quiet, 
easily installed, simple, and moderately economical to operate, and 
readily adaptable to handling corrosive vapor mixtures. A 
specification form is in Appendix B. 
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EJECTOR ARRANGEMENTS 


Several ejectors are used in parallel when the load is variable or 
because the process system gradually loses tightness between 
maintenance shutdowns—then some of the units in parallel are cut 
in or out as needed. 

Multistage units in series are needed for low pressures. 
Sketches are shown in Figure 7.30 of several] series arrangements. In 
Figure 7.30(a), the first stage drives the process vapors, and the 
second stage drives the mixture of those vapors with the motive 
steam of the first stage. The other two arrangements employ 
interstage condensers for the sake of steam economy in subsequent 
stages. In contact (barometric) condensers the steam and other 
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Figure 7.29. Compressibility factors, z = PV/RT, of gases. Used for the solution of Example 7.11. Pg = Р/Р,, Tp=T/T,, and 


У. = P,V /RT,. 
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(c) 
Figure 7.30. Arrangements of two-stage ejectors with condensers. (a) Identification of the parts of a two-stage ejector (Croll-Reynolds Co.). 
(b) A two-stage ejector with interstage barometric condenser (Elliot Co.). (c) A two-stage ejector with surface condensers interstage and 
terminal (Elliot Co.). 


163 


164 FLUID TRANSPORT EQUIPMENT 


condensables are removed with a cold water spray. The tail pipes of 
the condensers are sealed with a 34 ft leg into a sump, or with a 
condensate pump operating under vacuum. Surface condensers 
permit recovery of valuable or contaminating condensates or steam 
condensate for return as boiler feed. They are more expensive than 
barometrics, and their design is more complex than that of other 
kinds of condensers because of the large amounts of nonconden- 
sables that are present. 

Ав many as six stages are represented on Figure 7.30, 
combined with interstage condensers in several ways. Barometric 
condensers are feasible only if the temperature of the water is below 
its bubblepoint at the prevailing pressure in a particular stage. 
Common practice requires the temperature to be about 5°F below 
the bubblepoint. Example 7.13 examines the feasibility of installing 
intercondensers in that process. 


AIR LEAKAGE 


The size of ejector and its steam consumption depend on the rate at 
which gases must be removed from the process. A basic portion of 


such gases is the air leakage from the atmosphere into the system. 

Theoretically, the leakage rate of air through small openings, if 
they can be regarded as orifices or short nozzles, is constant at 
vessel pressures below about 53% of atmospheric pressure. 
However, the openings appear to behave more nearly as conduits 
with relatively large ratios of lengths to diameters. Accordingly 
sonic flow is approached only at the low pressure end, and the air 
mass inleakage rate is determined by that linear velocity and the 
low density prevailing at the vessel pressure. The content of other 
gases in the evacuated vessel is determined by each individual 
process. The content of condensables can be reduced by interposing 
a refrigerated condenser between process and vacuum pump. 

Standards have been developed by the Heat Exchange Institute 
for rates of air leakage into commercially tight systems. Their chart 
is represented by the equation 


т = ky?^, (7.59) 


where т is т lb/hr, V is the volume of the system іп cuft, and the 





EXAMPLE 7.11 

Three-Stage Compression with Intercooling and Pressure Loss 

between Stages 
Ethylene is to be compressed from 5 to 75atm in three stages. 
Temperature to the first stage is 60°F, those to the other stages are 
100°F. Pressure loss between stages is 0.34 atm (5 psi). Isentropic 
efficiency of each stage is 0.87. Compressibilities at the inlets to the 


stages are estimated from Figure 7.29 under the assumption of 
equal compression ratios as 2, = 0.98, 2; = 0.93, and 2, = 0.83. The 
interstage pressures will be determined on the basis of equal power 
load in each stage. The estimated compressibilities can be corrected 
after the pressures have been found, but usually this is not found 
necessary. k = C,/C, = 1.228 and (k — 1)/k = 0.1857. 









T,-60F 
P,-5atm 
Z,=0.98 


T,=60 
Z,-093 






Р,-0.34 
T,-60 
2,-083 








With equal power іп each stage 


0.1857 
Be АТ (E) -1| 
(k — 1)n, АР 


= 0.98(520)[(P,/5)° 185? — 1] 


P, 0.1857 
- 9356) (а) _ i} 
= 0.83(560){(75/(P, — 0.34)]° 1857 — 1} 


Values of P, will be assumed until the value of P, calculated by 
equating the first two terms equals that calculated from the last two 
terms. The last entries in the table are the interpolated values. 


P, 

А 1+2 2+3 
12 27.50 28.31 
12.5 29.85 28.94 
13.0 32.29 29.56 
12.25 —28.60— 








0.1857 
Total power = 30-98) (1.987) 520) | (22) _ 1 


0.1857(2545)0.87 [\ 5 
= 1.34 HP/(Ib mol/hr). 
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TABLE 7.11. Estimated Air Leakages Through Connections, 
Valves, Stuffing Boxes Etc. of Process 


Equipment? 
Estimated 
Average 
Air Leakage 
Type Fitting (Ib /hr) 
Screwed connections in sizes up to 2 in. 0.1 
Screwed connections in sizes above 2 in. 0.2 
Flanged connections in sizes up to 6 in. 0.5 
Flanged connections in sizes 6 in. to 24 in. including 0.8 
manholes 
Flanged connections in sizes 24 in. to 6 ft 1.1 
Flanged connections in sizes above 6 ft 2.0 
Packed valves up to i in. stem diameter 0.5 
Packed valves above 2 in. stem diameter 1.0 
Lubricated plug valves 0.1 
Petcocks 0.2 
Sight glasses 1.0 
Gage glasses including gage cocks 2.0 
Liquid sealed stuffing box for shaft of agitators, 0.3 
pumps, etc. (per in. sheft diameter) 
Ordinary stuffing box (per in. of diameter) 1.5 
Safety valves and vacuum breakers (per in. of 1.0 


nominal size 


“Рог conservative practice, these leakages may be taken as sup- 
plementary to those from Eq. (7.59). Other practices allow 5 Ib/hr for 
each agitator stuffing box of standard design; special high vacuum 
mechanical seals with good maintenance can reduce this rate to 
1-2 lb/hr. 

[From C.D, Jackson, Chem. Eng. Prog. 44, 347 (1948)]. 


coefficient is a function of the process pressure as follows: 


20-90 
0.146 


3-20 1-3 «1 
0.0825 0.0508 0.0254 


Pressure (Torr) >90 
k 0.194 


For each agitator with a standard stuffing box, 5 lb/hr of air leakage 
is added, Use of special vacuum mechanical seals can reduce this 
allowance to 1-2 lb/hr. 

For a conservative design, the rate from Eq. (7.59) may be 
supplemented with values based on Table 7.11. Common practice is 
to provide oversize ejectors, capable of handling perhaps twice the 
standard rates of the Heat Exchange Institute. 


Other Gases. The gas leakage rate correlations cited are based 
on air at 70?F. For other conditions, corrections are applied to 
evaluate an effective air rate. The factor for molecular weight M is 


Ј = 0.375 1а(М/2) (7.60) 


and those for temperature T in °F of predominantly air or 
predominantly steam are 


fa = 1- 0.00004(T — 70), 
fg = 1 0.00033(7 — 70), 


(7.61) 
(7.62) 


for air, 
for steam. 


An effective or equivalent air rate is found in Example 7.12. 
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EXAMPLE 7.12 

Equivalent Air Rate 
Suction gases are at the rate of 1201b/hr at 300°F and have a 
molecular weight of 90. The temperature factor is not known as a 
function of molecular weight so the value for air will be used. Using 
Eqs. (7.61) and (7.62), 


m = 120(0.375) 1n(90/2)[1 — 0.00024(300—70)] 
= 161.8 lb/hr equivalent air. 





STEAM CONSUMPTION 


The most commonly used steam is 100 psig with 10—15° superheat, 
the latter characteristic in order to avoid the erosive effect of liquids 
on the throats of the ejectors. In Figure 7.31 the steam 
consumptions are given as lb of motive steam per lb of equivalent 
air to the first stage. Corrections are shown for steam pressures 
other than 100 psig. When some portion of the initial suction gas is 
condensable, downward corrections to these rates are to be made 
for those ejector assemblies that have intercondensers. Such 
corrections and also the distribution of motive steam to the 
individual stages are problems best passed on to ejector 
manufacturers who have experience and a body of test data. 
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Figure 7.31. Steam requirements of ejectors at various pressure 
levels with appropriate numbers of stages and contact interconden- 
sers. Steam pressure 100 psig, water temperature 85°F. Factor for 
65 psig stcam is 1.2 and for 200 psig steam it is 0.80 (Worthington 
Corp). 
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EXAMPLE 7.13 

Interstage Condensers 
A four-stage ejector is to evacuate a system to 0.3 Torr. The 
compression ratio in each stage will be 


(Р,/Р,)'* = (760/0.3)!^ = 7.09. 


The individual stage pressures and corresponding water bubblepoint 
temperatures from the steam tables are 


Discharge of stage 0 1 2 3 4 
Torr 0.3 2.1 15.1 107 760 
°F 14 637 1274 


The bubblepoint temperature in the second stage is marginal with 
normal cooling tower water, particularly with the practical 
restriction to 5°F below the bubblepoint. At the discharge of the 
third stage, however, either a surface or barometric condenser is 
quite feasible. At somewhat higher process pressure, two interstage 
condensers may be practical with a four-stage ejector, as indicated 
on Figure 7.31. 





Nozzle Mring Diffuser 





Velocities 





Figure 7.32. Progress of pressures, velocities, enthalpies and 
entropies in an ejector (Coulson and Richardson, Chemical 
Engineering, Pergamon, 1977, New York, Vol. 1). 


GLOSSARY FOR CHAPTER 7 
PUMP TERMS 


Head has the dimensions [F][L]/[M]; for example, ft Ibf/Ib or ft; or 
N m/kg or m: 


. pressure head — AP/p; 

. velocity head = Au?/2g,; 

. elevation head = А2(2/р,), or commonly Az; 

- friction head in line, Н, = f (L/D)u?/2g,; 

. system head H, is made up of the preceding four items; 

. pump head equals system head, H,=H,, under operating 
conditions; 


aa с ы 


- 0 


When barometric condensers are used, the effluent water 
temperature should be at least 5°Е below the bubblepoint at the 
prevailing pressure. А few bubblepoint temperatures at low 
pressures are: 


Absolute (in. Hg) 0.2 0.5 1.0 2.0 
Bubblepoint °F 34.6 58.8 79.0 101.1 


Interstage pressures can be estimated on the assumption that 
compression ratios will be the same in each stage, with the suction 
to the first stage at the system pressure and the discharge of the last 
stage at atmospheric pressure. Example 7.13 examines at what 
stages it is fcasible to employ condensers so as to minimize steam 
usage in subsequent stages. 


EJECTOR THEORY 


The progress of pressure, velocity, and energy along an ejector is 
illustrated in Figure 7.32. The initial expansion of the steam to point 
C and recompression of the mixture beyond point E proceed 
adiabatically with isentropic efficiencies of the order of 0.8. Mixing 
in the region from C to E proceeds with approximate conservation 
of momenta of the two streams, with an efficiency of the order of 
0.65. In an example worked out by Dodge (1944, pp. 289-293), the 
compounding of these three efficiencies leads to a steam rate five 
times theoretical. Other studies of single-stage ejectors have been 
made by Work and Haedrich (1939) and DeFrate and Hoerl (1959), 
where other references to theory and data are made. 

The theory is in principle amenable to the prediction of steam 
distribution to individual stages of a series, but no detailed 
procedures are readily available. Manufacturers charts such as 
Figure 7.31 state only the consumption of all the stages together. 


в. static suction head equals the difference in levels of suction 
liquid and the centerline of the pump; 

h. static suction lift is the static suction head when the suction level 
is below the centerline of the pump; numerically a negative 
number. 


NPSH (net positive suction head)=(pressure head of 
source) + (static suction head)-— (friction head of the suction 
line) — (vapor pressure of the flowing liquid). 

Hydraulic horsepower is obtained by multiplying the weight 
rate of flow by the head difference across the pump and converting 
to horsepower. For example, HHP = (gpm)(psi)/1714 = 
(gpm)(sp gr)(ft)/3960. 


Brake horsepower is the driver power output needed to 
operate the pump. ВНР = HHP/(pump efficiency). 

Driver horsepower, HP = BHP/(driver 
HHP/(pump efficiency)(driver efficiency). 


efficiency) — 


TERMS CONCERNING CENTRIFUGAL AND RELATED PUMPS 


Axial flow is flow developed by axial thrust of a propeller blade, 
practically limited to heads under 50 ft or so. 

Centrifugal pump consists of a rotor (impeller) in a casing in 
which a liquid is giver а high velocity head that is largely converted 
to pressure head by the time the liquid reaches the outlet. 

Characteristic curves are plots or equations relating the 
volumetric flow rate through a pump to the developed head or 
efficiency or power or NPSH. 

Diffuser type: the impeller is surrounded by gradually 
expanding passages formed by stationary guide vanes [Figs. 7.2(b) 
and 7.3(d)]. 

Double suction: two incoming streams enter at the eye of the 
impeller on opposite sides, minimizing axial thrust and worthwhile 
for large, high head pumps [Fig. 7.2(b)]. 

Double volute: the liquid leaving the impeller is collected in 
two similar volutes displaced 180° with а common outlet; radial 
thrust is counterbalanced and shaft deflection is minimized, 
resulting in lower maintenance and repair, used in high speed 
pumps producing above 500 ft per stage. 

Impeller: the rotor that accelerates the liquid. 


a. Open impellers consist of vanes attached to a shaft without any 


REFERENCES 


Compressors 


1. Compressors in Encyclopedia of Chemical Processing and Design, 
Dekker, New York, 1979, Vol. 10, pp. 157-409. 

2. F.L. Evans, Compressors and fans, in Equipment Design Handbook for 
Refineries and Chemical Plants, Gulf, Houston, 1979, Vol. 1, pp. 54-104. 

3. H. Gartmann, DeLaval Engineering Handbook, McGraw-Hill, New 
York, 1970, pp. 6.61-6.93. 

4. В. James, Compressor calculation. procedures, in Encyclopedia of 
Chemical Processing and Design, Dekker, New York, Vol. 10, pp. 
264-313. 

. E.E. Ludwig, Compressors, in Applied Process Design for Chemical and 
Petrochemical Plants, Gulf, Houston, 1983, Vol. 3, pp. 251-396. 

6. R.D. Madison, Fan Engineering, Buffalo Forge Co.. Buffalo, МҮ, 1949. 

7. H.F. Rase and M.H. Barrow, Project Engineering of Process Plants, 

Wiley, New York, pp. 297-347. 


л 


Ejectors 


1. L.A. DeFrate and V.W. Haedrich, Chem. Eng. Prog. Symp. Ser. 21, 
43-51 (1959). 

2. В.Е. Dodge, Chemical Engineering Thermodynamics, McGraw-Hill, New 
York, 1944, pp. 289-293. 

3. ЕЛ. Evans, Equipment Design Handbook for Refineries and Chemical 
Plants, Gulf, Houston, 1979, Vol. 1, pp. 105-117. 

4. E.E. Ludwig, loc. cit., Vol. 1, pp. 206-239. 

. R.E. Richenberg and J.J. Bawden, Ejectors, steam jet, in Encyclopedia 
of Chemical Processing and Design, Dekker, New York, Vol. 17, pp. 
167—194. 

$. L.T. Work and V.W. Haedrich, Ind. Eng. Chem. 31, 464-477 (1939). 


б 


Piping 
1. ANSI Piping Code, ASME, New York, 1980. 


REFERENCES 167 


form of supporting sidewall and are suited to handling slurries 
without clogging [Fig. 7.2(a)]. 

Semienclosed impellers have a complete shroud on one side 
[Fig. 7.3(c)]; they are essentially nonclogging, used primarily in 
small size pumps; clearance of the open face to the wall is 
typically 0.02 in. for 10 in. diameters. 

Closed impellers have shrouds on both sides of the vanes from 
the eye to the periphery, used for clear liquids [Fig. 7.3(b)]. 


ғ 
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Mechanical seals prevent leakage at the rotating shaft by sliding 
metal on metal lubricated by a slight flow of pump liquid or an 
independent liquid [Figs. 7.4(c) and (d)]. 

Mixed flow: develops head by combincd centrifugal action and 
propeller action in the axial direction, suited to high flow rates at 
moderate heads [Fig. 7.3(e)]. 

Multistage: several pumps in series in a single casing with the 
objective of developing high heads. Figure 7.6(c) is of characteristic 
curves. 

Performance curves (see characteristic curves). 

Single suction: tbe liquid enters on one side at the eye of the 
impeller; most pumps are of this lower cost style [Fig. 7.2(c)]. 

Split case: constructed so that the internals can be accessed 
without disconnecting the piping [Fig. 7.2(a)]. 

Stuffing box: prevent leakage at the rotating shaft with 
compressed soft packing that may be wetted with the pump liquid 
or from an independent source [Figs. 7.4(a) and (b)]. 

Volute type: the impeller discharges the liquid into a 
progressively expanding spiral (Fig. 7.2(a)]. 
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HEAT TRANSFER AND HEAT EXCHANGERS 


asic concepts of heat transfer are reviewed in this 

chapter and applied primarily to heat exchangers, 

which are equipment for the transfer of heat 

between two fluids through a separating wall. 
Heat transfer also is a key process in other specialized 


equipment, some of which are treated in the next and other 
chapters. The three recognized modes of heat transfer are by 
conduction, convection, and radiation, and may occur 
simultaneously in some equipment. 





8.1. CONDUCTION OF HEAT 


In a solid wall such as Figure 8.1(a), the variation of temperature 
with time and position is represented by the one-dimensional 
Fourier equation 


oT er 
ава 


(8.1) 
For the most part, only the steady state condition will be of concern 
here, in which the case the partial integral of Eq. (8.1) becomes 


Өз-ХА g” 


(8.2) 
assuming the thermal conductivity k to be independent of 
temperature. Furthermore, when both А and А are independent of 
position, 


AT КА 
0--кА%:-1(%-17.). (8.3) 
in the notation of Figure 8.1(a). 

Equation (8.3) is the basic form into which more complex 
situations often are cast. For example, 


AT 
Q з КА mean va (8.4) 
when the area is variable and 
Q = UA(AT )mean (8.5) 


in certain kinds of heat exchangers with variable temperature 
difference. 


THERMAL CONDUCTIVITY 


Thermal conductivity is a fundamental property of substances that 
basically is obtained experimentally although some estimation 
methods also are available. It varies somewhat with temperature. In 
many heat transfer situations an average value over the prevailing 
temperature range often is adequate. When the variation is linear 
with 


К = Ко(1 + aT), (8.6) 
the integral of Eq. (8.2) becomes 
Q(L/A) = КТ, — 7; + 0.5a(Ti — T2)] 
= Ко(Т, — T [1+ 0.5e(T, + Т.Д, (8.7) 





which demonstrates that use of a value at the average temperature 
gives an exact result. Thermal conductivity data at several 
temperatures of some metals used in heat exchangers are in Table 
8.1. The order of magnitude of the temperature effect on К is 
illustrated in Example 8.1. 


E, Fluid film, 
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Figure 8.1. Temperature profiles in one-dimensional conduction of 
heat. (a) Constant cross section. (b) Hollow cylinder. (c) Composite 
flat wall. (d) Composite hollow cylindrical wall. (e) From fluid A to 
fluid F through a wall and fouling resistance in the presence of 
eddies. (f) Through equivalent fluid films, fouling resistances, and 
metal wall. 
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TABLE 8.1. Thermal Conductivities of Some Metals 
Commonly Used in Heat Exchangers 
[kBtu/ (hr)(saft)^F /ft)] 


Temperature (°F) 


Metal or Alloy --100 70 200 1000 
Steels 
Carbon — 30.0 27.6 22.2 
1Сг2Мо — 19.2 19.1 18.0 
410 — 13.0 14.4 — 
304 — 9.4 10.0 13.7 
316 8.1 9.4 — 13.0 
Monel 400 11.6 12.6 13.8 22.0 
Nickel 200 - 32.5 31.9 30.6 
Inconel 600 - 8.6 9.1 14.3 
Hastelloy C — 7.3 5.6 10.2 
Aluminum — 131 133 — 
Titanium 11.8 11.5 10.9 12.1 
Tantalum — 31.8 — — 
Copper 225 225 222 209 
Yellow brass 56 69 — — 
Admiralty 55 64 — — 


HOLLOW CYLINDER 


As it appears on Figure 8.1(b), as the heat flows from the inside to 
the outside the area changes constantly. Accordingly the equivalent 
of Eq. (8.2) becomes, for a cylinder of length М, 


dT 

Q- -kNQar)1- › (8.8) 
of which the integral is 
2nkN(T|, — Т, 

О- 2лЕМСТ, Т) . (8.9) 


іш(ғ,/қ) 


This may be written in the standard form of Eq. (8.4) by taking 


Ag, = 2zLNn,, (8.10) 
and 

L-rn-n, (8.11) 
where 

Tim = (5 — л)/п(т›/ту) (8.12) 


EXAMPLE 8.1 

Conduction through a Furnace Wall 
A furnace wall made of fire clay has an inside temperature of 
1500°F and an outside one of 300°F. The equation of the thermal 
conductivity is А = 0.48[1 + 5.15(E — 4)T] Btu/(hr)(sqft)(F/ft). 
Accordingly, 


Q(L/A) = 0.48(1500 — 300)[1 + 5.15(Е — 4)(900)] = 0.703. 


If the conductivity at 300°F had been used, Q(L/A) = 0.554. 


is the logarithmic mean radius of the hollow cylinder. This concept 
is not particularly useful here, but logarithmic means also occur in 
other more important heat transfer situations. 


COMPOSITE WALLS 


The flow rate of heat is the same through each wall of Figure 8.1(c). 
In terms of the overall temperature difference, 
Q = ОА(Ћ - Ta), (8.13) 


where U is the overall heat transfer coefficient and is given by 


101 1 1 
U k,lLa кы K/L, 





(8.14) 


Тһе reciprocals in Eq. (8.14) may be interpreted аз resistances to 
heat transfer, and so it appears that thermal resistances in series are 
additive. 

For the composite hollow cylinder of Figure 8.1(d), with length 
N, 


- 2nN(T - Т) 
— In(r/r)/k, + In(r3/r2)/kp + (rr. 





Q (8.15) 


With an overall coefficient U; based on the inside area, for example, 





2nN(T, - Т) 


Q =2хлМ ШТ, I/U, 


T,) = (8.16) 


On comparison of Eqs. (8.15) and (8.16), an expression for the 
inside ovcrall coefficient appears to be 





1. и шн) шлу], (8.17) 


U "[ ka К, k, 


In terms of the logarithmic mean radii of the individual cylinders, 





1 1 1 1 ] 
=r; + + , 
U; n [s = n) Ko mbt (rs т ы) ее = з) 


which is similar to Eq. (8.14) for flat walls, but includes a ratio of 
radii as a correction for each cylinder. 


FLUID FILMS 


Heat transfer between a fluid and a solid wall can be represented 
by conduction equations. It is assumed that the difference in 
temperature between fluid and wall is due entirely to a stagnant film 
of liquid adhering to the wall and in which the temperature profile is 
linear. Figure 8.1(e) is a somewhat realistic representation of a 
temperature profile in the transfer of heat from one fluid to another 
through a wall and fouling scale, whereas the more nearly ideal 
Figure 8.1(f) concentrates the temperature drops in stagnant fluid 
and fouling films. 

Since the film thicknesses are not definite quantities, they are 
best combined with the conductivities into single coefficients 


h=k/L (8.18) 
so that the rate of heat transfer through the film becomes 
Q=hAAT. (8.19) 


Through the five resistances of Figure 8.1(f), the overall heat 





EXAMPLE 8.2 
Effect of Ignoring the Radius Correction of the Overall Heat 


Transfer Coefficient 
The two film coefficients are 100 each, the two fouling coefficients 


are 2000 each, the tube outside diameter is 0.1 ft, wall thickness is 
0.01 ft, and thermal conductivity of the metal is 30: 


rj/r,, = 0.04/0.05 = 0.8, 
г, = (0.05 — 0.04)/In 1.25 = 0.0448, 
Mnf ty = 0.8963, 
U, = [1/100(0.8) + 1/2000(0.8) + 1/(30/0.01) (0.8963) 
+ 1/100 + 1/2000] 1 = 41.6721. 


8.1. CONDUCTION OF HEAT 171 





Basing on the inside area, 


U, = [1/100 + 1/2000 + [(30/0.01)(0.0448/0.045] ! 
+ 0.8/100 + 0.8/2000]"! = 52.0898. 


Ignoring the corrections, 
U = (2/100 + 2/2000 + 1/30/0.01) ^! = 46.8750. 


The last value is very nearly the average of the other two. 





transfer coefficient is given by 


1 1,1 1 1 1 


U Ah, h, КУ, h, hg’ (8.20) 





where L, is the thickness of the metal. 
If the wall is that of hollow cylinder with radii ғ; and r,, the 
overall heat transfer coefficient based on the outside surface is 


d 1 + 1 %- 1 MM 1 + 1 
Uo hin) hn) (713) Г) ha hs’ 





(8.21) 


where r,, is the mean radius of the cylinder, given by Eq. (8.12). 

Since wall thicknesses of heat exchangers are relatively small 
and the accuracy of heat transfer coefficients may not be great, the 
ratio of radii in Eq. (8.21) often is ignored, so that the equation for 
the overall coefficient becomes simply 


1 1,1, 1 1,1 


. 8.22 
hm Kalla h, hs (8.22) 





The results of the typical case of Example 8.2, however, indicate 
that the correction may be significant. A case with two films and 
two solid cylindrical walls is examined in Example 8.3. 





EXAMPLE 8.3 
A Case of a Composite Wall: Optimum Insulation Thickness 


for a Steam Line 
А 3 in. IPS Sched 40 steel line carries steam at 500°F. Ambient air is 


at 70°F. Steam side coefficient is 1000 and air side is 
3 Btu/(hr)(sqft)((F). Conductivity of the metal is 30 and that of 
insulation is 0.05 Btu/(hr)(sqft)CF/ft). Value of the steam is 
$5.00/MBtu. cost of the insulation is $1.5/(yr)(cuft). Operation is 
8760 hr/yr. The optimum diameter d of insulation thickness will be 
found. 


Pipe: 
d, = 0.2917 ft, 
d, = 0.2557 ft, 


In(d,/d;) = 0.1317. 

Insulation: 

in(d,/d;) = in(d/0.2917). (1) 
Heat transfer coefficient based on inside area: 


1 0.1317 
д 





_ in(d/0.2917) 1 Г 
9-4 En 36 005 #34] '/ (2) 
Q/A; = U,AT = 430U,. 
Steam cost: 
лт 5(10 5$(8760)Q ГА, 
-0.0438О/А,, $(yr)(sqft inside). (3) 





+ 
са 


! Example 8.3. Ürtimum inzul 
ation thicknezs 
READ 01,02 

DATA 12917. 2557 

INPUT П 
lli2.aal^Dz-.iz80?7-s3ü8-LOGepxz01 
27 85+ 1-3-0 

W=1-U1-D2 

G=4 2641 

A Сіс-.8438Жж0 

Эй C2-1.5x*iD^2-D1^257D2^2 

166 C=C1+C2 ! Crea'd to be minim 


um 2 
118 FEINT USING 128 ; D.ilb.cl.C2. 
C 


СЛ кмге 
"s mc 


eon 
mue 


128 IMAGE .UDD.X..DOD0.X.DD.DD. X. 
00.00, х, 00. 0000 

130 GOTO 48 

148 END 
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EXAMPLE 8.3—(continued) 














D U сі с, Сі + с, 
.49B .354 6.66 3.56 146.2147 
.494 6349 6.957 2.65 ІЙ 21185 
.495 .347 6.54 3.67 18.2117 ж 
.496 346 6.52 3.68 18.2118 
. 566 .341 6.42 3.78 ій 2148 
Insulation cost: 
Cy = 1.5Vins/A; 

2 9 59172 
= 15 — 0.2917) $/(yr)(sqft inside). (4) 


0.25577” 


Total cost: 
C = C, + C, minimum. (5) 


Substitute Eqs. (2)-(4) into Eq. (5). The outside diameter is the 
key unknown. 

The cost curve is fairly flat, with a minimum at d — 0.50 ft, 
corresponding to 1.25 in. thickness of insulation. Some trials are 
shown with the computer program. А more detailed analysis of 
insulation optima is made by Happel and Jordan (Слет. Process, 
Есоп., 380 (1975)], although their prices are dated. Section 8.12 
also discusses insulation. 





Heat transfer coefficients are empirical data and derived 
correlations. They are in the form of overall coefficients U for 
frequently occurring operations, or as individual film coefficients 
and fouling factors. 


8.2. MEAN TEMPERATURE DIFFERENCE 


In a heat exchanger, heat is transferred between hot and cold fluids 
through a solid wall. The fluids may be process streams or 
independent sources of heat such as the fluids of Table 8.2 or 
sources of refrigeration. Figure 8.2 shows such a process with inlet 
and outlet streams, but with the internal flow pattern unidentified 
because it varies from case to case. At any cross section, the 
differential rate of heat transfer is 


dQ = U(T — T') dA =-тсаТ = m'c' ат’. (8.23) 
The overall heat transfer rate is represented formally by 
О = UA(AT),,. (8.24) 


The mean temperature difference (АТ)„ depends on the terminal 
temperatures, the thermal properties of the two fluids and on the 
flow pattern through tbe exchanger. 


TABLE 8.2. Properties of Heat Transfer Media 


Medium Trade Name Phase 
Electricity — 
Water — vapor 
Water -- liquid 
Flue gas — gas 
Diphenyl-diphenyl oxide eutectic Dowtherm А liquid or 
vapor 
Di + tríaryl cpds Dowtherm G liquid 
Ethylene glycol, inhibited Dow SR-1 liquid 
Dimethyl silicones Dow Syltherm liquid 
800 
Mixed silanes Hydrotherm liquid 
Aromatic mineral oil Mobiitherm, liquid 
Mobil 
Chlorinated biphenyls Therminol, liquid 
Monsanto 
Molten nitrites and nitrates of K and Na Hi-Tec, DuPont liquid 
Sodium-potassium eutectic liquid 
Mercury vapor 


hot 
wn Jon, 
cold 


Figure 8.2. Terminal temperatures and temperature differences of a 
heat exchanger, with unidentified internal flow pattern. 





SINGLE PASS EXCHANGER 


The simplest flow patterns are single pass of each fluid, in either the 
same or opposite directions. Temperature profiles of the main kinds 
of thermal behavior are indicated on Figure 8.3(a). When the 
unbroken lines [cases (а)-(е)| are substantially straight, the mean 
temperature is expressed in terms of the terminal differences by 


(AT); (АТ), 
AT), = (AT )iog mean = DRA ыт. 8.25 
(АТ, = (Dione “(АТА (AT). 6829 
This is called the logarithmic mean temperature difference. The 
temperature profiles are straight when the heat capacities are 


atm, 
°F gage Remarks 

100-4500 -- — 
200-1100 0-300 — 
300—400 6-15 — 
100—2000 0-7 — 
450-750 0-9 nontoxic, carbonizes at high temp 

20-700 0—3 sensitive to oxygen 
-40-250 0 acceptable in food industry 
-40-750 0 low toxicity 
-50-675 0 react with oxygen and moisture 
100—600 0 not used with copper based materials 

50—600 0 toxic decomposition products 
300-1100 0 resistant alloys needed above 850°F 
100—1400 0 stainless steel needed above 1000°F 


600—1000 0-12 low pressure vapor, toxic, and expensive 
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Figure 8.3. Temperature profiles in heat exchangers. (a) In parallel or countercurrent flow, with one or two phases. (b) One shell pass, two 


tube passes. (c) Two shell passes, four tube passes. 


substantially independent of temperature over the range of the 
process, or when a phase change occurs at constant temperature. 

When (һе profiles consist of linear sections, as in cases (f) and 
(в), the exchanger can be treated as a thrce-section assembly, each 
characterized by its own log mean temperature difference, for which 
intermediate temperatures may be found by direct calculation or by 
trial. Heat transfer for а case such as (h) with continuously curved 
profile must be evaluated by integration of Eq. (8.23). 


MULTIPASS EXCHANGERS 


For reasons of compactness of equipment, the paths of both fluids 
may require several reversals of direction. Two of the simpler cases 
of Figure 8.3 are (b) one pass on the shell side and two passes on 
the tube side and (c) two passes on the shell side and four on the 
tube side. On a baffled shell side, as on Figure 8.4(c), the dominant 
flow is in the axial direction, so this pattern still is regarded as single 
pass on the shell side. In the cross flow pattern of Figure 8.5(c), 


each stream flows without lateral mixing, for instance in equipment 
like Figure 8.6(h). In Figure 8.6(i) considerable lateral mixing 
would occur on the gas side. Lateral mixing could occur on both 
sides of the plate exchanger of Figure 8.6(h) if the fins were absent. 

Mean temperature differences in such flow patterns are obtained 
by solving the differential equation. Analytical solutions have been 
found for the simpler cases, and numerical ones for many impor- 
tant complex patterns, whose results sometimes are available in 
generalized graphical form. 


F-METHOD 


When all of the terminal temperatures are known, the mean 
temperature difference is found directly from 


(АТ),, - F(AT)og mean? (8.26) 


where the correction factor F depends on the flow pattern and is 
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Fiud А inlet 
Fluid 
не 8 
==. оине! 
— 
аг 


өт. 


о ванна г 





———À- 
Fluid B Te 
inlet 
Fluid A 
outlet 


(а) 


Hot Fluid Cold Fluid 
Inlet Inlet Snell Tubes Rear End Head 









к/а Head Plate Baffle 
Front End Hea Cold Fluid Hot Fluid 


Outlet Outlet 


(c) 





Auxiliary 
nozzles 


Condensate Liquid Tube Hot liquid 
outlet feed Suppor ts outlet 


(а) 


Figure 8.4. Example of tubular heat exchangers (sec also Fig. 8.14). (а) Double-pipe exchanger. (b) Scraped inner surface of a double-pipe 
exchanger. (c) Shell-and-tube exchanger with fixed tube shects. (d) Kettle-type reboiler. (e) Horizontal shell side thermosiphon reboiler. (f) 
Vertical tube side thermosiphon reboiler. (g) Internal reboiler in a tower. (h) Air cooler with induced draft fan above the tube bank. (i) Air 
cooler with forced draft fan below the tube bank. 
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Figure 8.4.—(continued) 
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Figure 8.5. Correction factor F, effectiveness and number of transfer units in multipass and cross flow heat exchangers (Bowman et al., Trans 
ASME 283, 1940; Kays and London, 1984): 


T- p- IT 


-1 
тт “ть, 





T оп the tubeside, T' on the shellside. і--іпрш, о = output. (a) One pass оп shellside, any multiple of two passes оп tubeside. (b) Two 
passes on shell side, any multiple of four on tubeside. (c) Cross flow, both streams unmixed laterally. (d) Cross flow, one stream mixed 
latcrally. (e) Cross flow, both streams mixed laterally. (f) Effectiveness and number of transfer units in parallel and countercurrent flows. (g) 
Three sheil passes, multiples of six on tubeside. (h) Four shell passes, multiples of eight on tubeside. (i) Five shell passes, multiples of ten on 
tubeside. (j) Six shell passes, multiples of 12 on tubeside. 
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Figure 8.5—(continued) 
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Figure 8.5—(continued) 


expressed in terms of these functions of the terminal temperatures: 








Ее Б actual heat transfer 

p= Ti —T; maximum possible heat transfer ' (8:27) 
T;- mc 

К- E 2 А 
Ро БЕ т'с' (8.28) 


Some analytical expressions for F are shown in Table 8.3, and more 
graphical solutions in Figure 8.5. 
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This method is especially easy to apply when the terminal 
temperatures are all known, because then F and (АТ), mean аге 
immediately determinable for a particular flow pattern. Then in the 
heat transter equation 

О = (АР(АТ) и (8.29) 
any one of the quantities О, О, ог А may be found in terms of the 
others. А solution by trial is needed when one of the terminal 
temperatures is unknown, as shown in Example 8.4. The next 
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(e) (f) (а) 


Liquid flow 





(i) 


Figure 8.6. Examples of extended surfaces on one or both sides. (a) Radial fins. (b) Serrated radial fins. (c) Studded surface. (d) Joint 
between tubesheet and low fin tube with three times bare surface. (e) External axial fins. (f) Internal axial fins. (2) Finned surface with 
internal spiral to promote turbulencc. (h) Plate fins on both sides. (1) Tubes and plate fins. 


TABLE 8.3. Formulas for Mean Temperature Difference and 
Effectiveness in Heat Exchangers 








1. Parallel or countercurrent ftow, 
(AT), = (АТ) одтеап = (АТ, - АТД/Іп(А7,/А7). 
2. In general, 
(АТ), = НАТ) ogmeen 
ог 
(AT), = 80; - Т), 


where F and 0 depend on the actual flow paths on the shell and tube 
sides and are expressed in terms of these quantities: 


C = Cmin/ Cmax 

Р= (т, — Т)/\Т/ — Tj) = actual heat transfer/ 
(maximum possible heat transfer), 

В-(,-ТУЛТ,- Т) = т'с'/тс. 


3 Number of transfer units, М or NTU, is 
№ = UA Crin = P/O, 


where Cj, is the smaller of the two values me or m'c' of the 
products of mass rate of flow times the heat capacity. 











4. In parallel flow, P= № = (1 —exp[-N(1 + C)/( + C). 
5. п countercurrent flow, P= № = (1—expl-N(1— C)/(1 — С exp 
[- N(1 = C). 
6, One shell pass and any multiple of two tube passes, 
244 _ _ 2 
[YR Ti (2) И Б P(R+1-VR =" R21, 
R-1 1—РВ// À2— РА+1+ VR? +1) 


_ ран 1, 


E-— V2 fin 2 
Т-р |2- PQ V2) 
1 + exp[- №1 + ane 


1 —exp[—A(1 + C7}¥7] 





P= 211 +CH +C’)? 
7. Two shell passes and any multipie of four tube passes, 
[у 1- дү 
F- In = 
1208 — 1) 1—PR 
| 2/P-1- Я  (2/PV(1 — PHT — РВ) + VR? +1 | 
п й 
2/P~1—R + (2/Р)У\1 - P1 - РЯ} – VR? 1 

















8. Cross flow, 
(a) Both streams laterally unmixed, P= 1 — exp([exp(— NCn) – 1]/Cn], 
where п = N 0-22, 
(b) Both streams mixed, Р = (1/[1 - exp(— №] + C/[1 — exp(- NC)] — 
1/Мұт. 
(c) Cmax mixed, Си unmixed, P = (1/С){1 — expl- C{1 — e )]). 
(d) C,,, mixed, Cmax unmixed, Р-1- exp(—-(1/C)[1 — exp( - NC)]). 
9. For more complicated patterns only numerical solutions have been 
made. Graphs of these appear in sources such as Heat Exchanger 
Design Handbook (HEDH, 1983) and Kays and London (1984). 
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method to be described, however, may be more convenient in such 
a case. 


6-METHOD 


One measure of the size of heat transfer equipment is the number 
of transfer units N defined by 

N = UAI Coi; (8.30) 
where C, is the smaller of the two products of mass flow rate and 
heat capacity, тс or т/с”. N is so named because of a loose analogy 
with the corresponding measure of the size of mass transfer 
equipment. 

А useful combination of P and М is their ratio 


P _ C miol To Т T) — Q (АТ),, 
ОМ UA(T;-T) UA(T;-T) (T-T) 





9 (8.31) 


where (7, — Т) is the temperature change of the stream with the 
smaller value of тс. Thus 0 is a factor for obtaining the mean 
temperature difference by the formula: 


(AT), = (T; Т) (8.32) 
when the two inlet temperatures are known. 

The term P often is called the exchanger effectiveness. 
Equations and graphs are in Table 8.3 and Figure 8.4. Mary graphs 
for 6, like those of Figure 8.7, may be found in the Heat Exchanger 
Design Handbook (HEDH, 1983). When sufficient other data are 
known about a heat exchange process, an unknown outlet 
temperature can be found by this method directly without requiring 
trial calculations as with the F-method. Example 8.5 solves such a 
problem. 


SELECTION OF SHELL-AND-TUBE NUMBERS OF PASSES 


A low value of F means, of course, a large surface requirement for 
a given heat load. Performance is improved in such cases by using 
several shells in series, or by increasing the numbers of passes in the 
same shell. Thus, two 1-2 exchangers in series are equivalent to one 
large 2-4 exchanger, with two passes on the shell side and four 
passes on the tube side. Usually the single shell arrangement is 
more economical, even with the more complex internals. For 
economy, F usually should be greater than 0.7. 


EXAMPLE 


А sbell side fluid is required to go from 200 to 140°Е and the tube 
side from 80 to 158°Е. The charts of Figure 8.5 will be used: 


Р = (200 — 140)/(200 — 80) = 0.5, 
R — (158 — 80)/(200 — 140) — 1.30. 


For a 1-2 exchanger, F — 0.485: 
2-4 0.92 
4-8 0.98 


The 1-2 exchanger is not acceptable, but the 2-4 is acceptable. If 
the tube side outlet were at 160 instead of 158, F would be zero for 
the 1-2 exchanger but substantially unchanged for the others. 


8.3. HEAT TRANSFER COEFFICIENTS 


Data are available as overall coefficients, individual film coefficients, 
fouling factors, and correlations of film coefficients in terms of 
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EXAMPLE 8.4 

Performance of a Heat Exchanger with the F-Method 
Operation of an exchanger is represented by the sketch and the 
equation 


QJUA =50 = F(AT) im 


80 
T 


200 
120 


The outlet temperature of the hot fluid is unknown and designated 
by T. These quantities are formulated as follows: 


200— T 
P7700 — 80^ 
200- T 
=120- 80’ 
T — 80 — (200 — 120) 
In[(T — 80)/(200 — 120)] 








(А T)m = 


Е is represented by the equation of Item 6 of Table 8,3, or by 
Figure 8.4(a). Values of T are tried until one is found that satisfies 
С = 50 – F(AT),, =0. The printout shows that 

T — 145.197. 


The sensitivity of the calculation is shown in the following 


tabulation: 


T P R (АТЫ Е G 


145.0 0.458 1.375 72.24 0.679 0.94 
145.197 0.457 1.370 72.35 0.691 0.00061 
145.5 0.454 1.363 72.51 0.708 -1.34 


! Examele 8.4. Тһе 
SHORT PF.R.F.T1 
INFUT T 
Р-срВвиИи-Тоғ12й 
R-c2zuu-T»^40 
TizzT-i&a»-LüGocT-88»^283 
Е-«Еегжіз%.5 
Е-Ег«Е-ізЖжі 050 С<1-РоО-С1-РЖБЕУУ 
FE-F^LOGCCZ-PEXZXRE1-EDSDk.Cz-PX£ 
Кк+1+Е› Л»? 
ií25n0-FXTI1 
PRIHT "Tz"; 
PRINT 
PRIHT 
PRIHT 
РЕІНТ 
РРІНТ 
GOTO 3a 
END 
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physical properties and operating conditions. The reliabilities of 
these classes of data increase in the order of this listing, but also the 
easc of use of the data diminishes in the same sequence. 


OVERALL COEFFICIENTS 


The range of overall heat transfer coefficients is approximately 
10-200 Btu/(hr)(sqft)^F). Several compilations of data are 
available, notably in the Chemical Engineers Handbook (McGraw- 
Hill, New York, 1984, pp. 10.41-10.46) and in Ludwig (1983, рр. 
70—73). Table 8.4 qualifies each listing to some extent, with respect 
to the kind of heat transfer, the kind of equipment, kind of process 
stream, and temperature range. Even so, the range of values of U 
usually is two- to three-fold, and consequently only a rough 
measure of equipment size can be obtained in many cases with such 
data. Ranges of the coefficients in various kinds of equipment are 
compared in Table 8.5. 


FOULING FACTORS 


Heat transfer may be degraded in time by corrosion, deposits of 
reaction products, organic growths, etc. These effects are accounted 
for quantitatively by fouling resistances, 1/h, They are listed 
separately in Tables 8.4 and 8.6, but the listed values of coefficients 
include these resistances. For instance, with a clean surface the first 
listed value of U in Table 8.4 would correspond to a clean valuc of 
U =1/(1/12 — 0.04) = 23.1. How long a clean value could be 


maintained in a particular plant is not certain. Sometimes fouling 
develops slowly; in other cases it develops quickly as a result of 
process upset and may level off. A high coefficient often is 
desirable, but sometimes is harmful in that excessive subcooling 
may occur or film boiling may develop. The most complete list of 
fouling factors with some degree of general acceptance is in the 
TEMA (1978) standards. The applicability of these data to any 
particular situation, however, is questionable and the values 
probably not better than +50%. Moreover, the magnitudes and 
uncertainties of arbitrary fouling factors may take the edge off the 
importance of precise calculations of heat transfer cocfficients. A 
bricf discussion of fouling is by Walker (1982). A symposium on this 
important topic is edited by Somerscales and Knudsen (1981). 


INDIVIDUAL FILM COEFFICIENTS 


Combining individual film coefficients into an overall coefficient of 
heat transfer allows taking into account a greater variety and range 
of conditions, and should provide a better estimate. Such individual 
coefficients are listed in Tables 8.6 and 8.7. The first of these is a 
very cautious compilation with a value range of 1.5- to 2-fold. 
Values of the fouling factors are included in the coefficient listings 
of both tables but are not identified in Table 8.7. For clean service, 
for example, involving sensible heat transfer from a medium organic 
to heating a heavy organic, 


U = 10,000/(57 — 16 + 50 — 34) = 175 
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яя NTU, = AU/C, 
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Figure 8.7. 0 correction charts for mean temperature difference: (a) One shell pass and any multiple of two tube passes. (b) Two shell passes 
and any multiple of four tube passes. (НЕОН, 1983); after Mueller іп Rohsenow and Hartnett, Handbook of Heat Transfer, Section 18, 
McGraw-Hill, New York, 1973. Other cases also are covered in these references.] 
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EXAMPLE 8.5 

Application of the Effectiveness and the 0 Method 
Operating data of an exchanger are shown on the sketch. These 
data include 


UA = 2000, 
m'c' 21000, тс = 800, 
C = C min’ Cmax = 0.8. 


80 
m'c = 1000 






UA - 2000 


The equation for effectiveness P is given by item 6 of Table 8.3 or it 
can be read off Figure 8.4(a). Both P and 8 also can be read oif 
Figure 8.4(a) at known М and К = С/С; = 0.8. The number of 


transfer units is 


N = UA {C min = 2000/800 = 2.5, 
C= Саш Cmax = 0.8, 
D = V1 + C? = 1.2806, 
P= 2 . 
1+ C+ D[1 + exp( - ND)]/A — exp( —oD) 
8 = P/N = 0.2508, 
AT», = 0(200 — 80) = 30.1, 
О = UA(AT),, = 2000(30.1) = 60,200, 
= 800(200 — Т.) = 1000(T ; — 80), 
2. Ty = 124.75, 
Т} = 140.2. 





= 0.6271, 


Т, also may be found from the definition of P: 








actual AT 200 — 7, 
- = = 0.6271 
max possible АТ 200-80 0.6271, 
2. Ty= 124.78. 


With this method, unknown terminal temperatures are found 
without trial calculations. 





compared with a normal value of 
U = 10,000/(57 + 50) = 93, 


where the averages of the listed numbers in Table 8.6 are taken in 
each case. 


METAL WALL RESISTANCE 


With the usual materials of construction of heat transfer surfaces, 
the magnitudes of their thermal resistances may be comparable with 
the other prevailing resistances. For example, heat exchanger 
tubing of 1/16 in. wall thickness has these values of 1/h,, = L/k for 
several common materials: 


Carbon steel 1/h,, = 1.76 x 10 ^ 


Stainless steel 5.54x 10 * 
Aluminum 0.40 x 10 ^ 
Glass 79.0 x 10 * 


which are in the range of the given film and fouling resistances, and 
should not be neglected in evaluating the overall coefficient. For 
example, with the data of this list a coefficient of 93 with carbon 
steel tubing is reduced to 88.9 when stainless steel tubing is 
substituted. 


DIMENSIONLESS GROUPS 


The effects of the many variables that bear on the magnitudes of 
individual heat transfer coefficients are represented most logically 
and compactly in terms of dimensionless groups. The ones most 
pertinent to heat transfer are listed in Table 8.8. Some groups һауе 
ready physical interpretations that may assist in selecting the ones 
appropriate to particular heat transfer processes. Such interpreta- 
tions are discussed for example by Gróber et al. (1961, pp. 
193-198). A few are given here. 

The Reynolds number, Рир/и = pu?/(uu/D), is a measure of 
the ratio of inertial to viscous forces. 


The Nusselt number, AL/k = h/(k/L), is the ratio of effective 
heat transfer to that which would take place by conduction through 
a film of thickness L. 

The Peclet number, DGC/k = GC/(k/D) and its modification, 
the Graetz number wC/kL, are ratios of sensible heat change of the 
flowing fluid to the rate of heat conduction through a film of 
thickness D or L. 

The Prandtl number, Cu/k = (u/p)/(k/pC), compares the rate 
of momentum transfer through friction to the thermal diffusivity or 
the transport of heat by conduction. 

The Grashof number is interpreted as the ratio of the product 
of the buoyancy and inertial forces to the square of the viscous 
forces. 

The Stanton number is a ratio of the temperature change of a 
fluid to the temperature drop between fluid and wall. Also, 
St = (Nu)/(Re)(Pr). 

An analogy exists between the transfers of heat and mass in 
moving fluids, such that correlations of heat transfer involving the 
Prandtl number are valid for mass transfer when the Prandtl 
number Cu/k is replaced by the Schmidt number u/pk,. This is of 
particular value in correlating heat transfer from small particles to 
fluids where particle temperatures are hard to measure but 
measurement of mass transfer may be feasible, for example, in 
vaporization of naphthalene. 
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Specific correlations of individual film coefficients necessarily are 
restricted in scope. Among the distinctions that are made are those 
of geometry, whether inside or outside of tubes for instance, or the 
shapes of the heat transfer surfaces; free or forced convection; 
laminar or turbulent flow; liquids, gases, liquid metals, non- 
Newtonian fluids; pure substances or mixtures; completely or 
partially condensable; air, water, refrigerants, or other specific 
substances; fluidized or fixed particles; combined convection and 
radiation; and others. In spite of such qualifications, it should be 


TABLE 8.4. Overall Heat Transfer Coefficients іп Some Petrochemical Applications, U Btu/(hr)saft) ^F)? 











Velocities 
(ft/sec) Estimated Fouling 
Overall Temp. 
Іп Tubes Outside Tubes Туре Equipment Tube Shell Coefficient Range (^F) Tube Shell Overaii 
A. Heating-cooling 
Butadiene mix. (Super-heating) steam H 25-35 — 12 400-100 -- -- 0.04 
Solvent solvent H — 1.0-1.8 35-40 110-30 — -= 0.0065 
Solvent propylene (vaporization) K 1-2 — 30-40 40-0 — -- 0.006 
С, unsaturates propylene (vaporization) K 20-40 — 13-18 100-35 — -- 0.005 
Solvent chilled water H — — 35-75 115-40 0.003 0.001 — 
Oil oil H -- -- 60-85 150-100 0.0015 0.0015 -- 
Ethylene-vapor condensate and vapor K -- — 90-125 600—200 0.002 0.001 — 
Ethylene vapor chilled water H -- -- 50-80 270-100 0.001 0.001 — 
Condensate propylene (refrigerant) K-U — — 60-135 60-30 0.001 0.001 — 
Chilled water transformer oil H — — 40—75 75-50 0.001 0.001 — 
Calcium brine-2596 chlorinated C, H 1-2 0.5-1.0 40-60 —20-+10 0.002 0.005 - 
Ethylene liquid ethylene vapor K-U — — 10-20 —170-(- 100) — -- 0.002 
Ргорапе уарог propane liquid H — — 6-15 —25-100 — — 0.002 
Lights and chlor. НС steam U — — 12-30 —30-260 0.001 0.001 — 
Unsat. light HC, CO, CO, Н, steam H — — 10-2 400-100 — — 0.3 
Ethonolamine steam H — — 15-25 400-40 0.001 0.001 — 
Steam air mixture U -- — 10-20 —30-220 0.0005 0.0015 — 
Steam styrene and tars U (in tank) — — 50—60 190—230 0.001 0.002 — 
Chilled water freon-12 H 4-7 — 100—130 90-25 0.001 0.001 -- 
Water” lean copper solvent H 4-5 — 100-120 180-90 — — 0.004 
Water treated water H 3-b 1-2 100—125 90-110 — — 0.005 
Water C;-chlor. HC, lights H 2-3 — 6-10 360-100 0.002 0.001 — 
Water hydrogen chloride H — — 7-15 230-90 0.002 0.001 — 
Water heavy C;-chlor. H — — 45-30 300-90 0.001 0.001 — 
Water perchlorethylene H — — 55-35 150-90 0.001 0.001 -- 
Water air and water vapor H — — 20-35 370-90 0.0015 0.0015 -- 
Water engine jacket water H — — 230-160 175-90 0.0015 0.001 — 
Water absorption oil H — — 80-115 130-90 0.0015 0.001 — 
Water air-chlorine U 4-7 — 8-18 250—90 — — 0.005 
Water treated water H 5-7 — 170-225 200-90 0.001 0.001 — 
B. Condensing 
C, unsat. propylene refrig. K v — 58-68 60—35 — -- 0.005 
НС unsat. lights propylene refrig. K v - 50-60 45-3 — — 0.0055 
Butadiene propylene refrig. K v — 65-80 20-35 — -- 0.004 
Hydrogen chloride propylene refrig. H — -- 110-60 0-15 0.012 0.001 -- 
(continued) 
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TABLE 8.4—(continued) 











Velocities 
(ft/sec) Estimated Fouling 
TT Overall Temp. 
In Tubes Outside Tubes Type Equipment Tube Shell Coefficient Range (°F) Tube Shell Overall 
Lights and chloro-ethanes propylene refrig. KU — — 15-25 130-(-20) 0.002 0.001 — 
Ethylene propylene refrig. KU — — 60—90 120-(-10) 0.001 0.001 — 
Unsat. chloro HC water H 7-8 — 90—120 145-90 0.002 0.001 — 
Unsat. chloro HC water H 3-8 — 180-140 110-90 0.001 0.001 — 
Unsat. chloro HC water H 6 -- 15-25 130-(-20) 0.002 0.001 - 
Chloro-HC water KU — — 20-30 110-(—10) 0.001 0.001 — 
Solvent and non cond. water H — — 25-15 260—90 0.0015 0.004 — 
Water propylene vapor H 2-3 -— 130-150 200-90 — — 0.003 
Water propylene H — — 60—100 130-90 0.0015 0.001 — 
Water steam H — - 225-110 300—90 0.002 0.0001 — 
Water steam H — — 190—235 230-130 0.0015 0.001 — 
Treated water steam (exhaust) H — — 20—30 220-130 0.0001 0.0001 — 
Oil steam H — — 70-110 375-130 0.003 0.001 — 
Water propylene cooling and cond. H — — { | 25-90 30-45 "n 0.0015 0.001 — 
Chilled water air-chlorine (part and cond.) u — — { Ка 14715 (Co) 0.0015 0.005 - 
Water light HC, cool and cond. H — — 35-90 270-90 0.0015 0.003 -- 
Water ammonia H — — 140-165 120—90 0.001 0.001 -- 
Water ammonia U — — 280—300 110—90 0.001 0.001 — 
Air-water vapor freon KU — — (00-50) 60-10 - - 0.01 
С. Reboiling 
Solvent, Copper-NH, steam H 7-8 — 130-150 180-160 — — 0.005 
C, unsat. steam H — — 95-115 95-150 — - 0.0065 
СНого. НС steam УТ — — 35-25 300-350 0.001 0.001 -- 
Chloro. unsat. НС steam VT — — 100-140 230—130 0.001 0.001 — 
Chloro. ethane steam VT -- - 90-135 300-350 0.001 0.001 — 
Chloro. ethane steam U — — 50—70 30—190 0.002 0.001 — 
Solvent (heavy) steam H — — 70-115 375-300 0.004 0.0005 — 
Mono-di-ethanolamines steam VT — — 210-155 450-350 0.002 0.001 — 
Organics, acid, water steam VT — — 60—100 450-300 0.003 0.0005 — 
Amines and water steam VT — — 120-140 360—250 0.002 0.0015 — 
Steam naphtha frac. Annulus — — 15-20 270—220 0.0035 0.0005 — 
Long. F.N. 

Propylene C, C; KU - — 120-140 150-40 0.001 0.001 -- 
Propylene-butadiene butadiene, unsat. H — 25-35 15-18 400—100 — -- 0.02 


" Fouling resistances are included in the listed values of U. 


Unless specified, all water is untreated, brackish, bay or sea. Notes: H=horizontal, fixed or floating tube sheet, U — U—tube horizontal bundle, K=kettle type, V = vertical, В — reboiler, 


T =thermosiphon, у = variable, HC = hydrocarbon, (С) = cooling range At, (Co) = condensing range At. 


(Ludwig, 1983). 
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TABLE 8.5. Ranges of Overall Heat Transfer Coefficients in Various Types of 
Exchangers [U Btu/(hr)(sqft) CF)]? 


Equipment 


Shell-and-tube exchanger [Fig. 


Process U 


gas (1 atm)~gas (1 atm) 1-6 


8.4(c}] gas (250 atm)—gas (250 айт) 25-50 
liquid-gas (1 atm) 2-12 
liquid—gas (250 atm) 35-70 
liquid-liquid 25—200 
liquid-condensing vapor 50—200 
Double-pipe exchanger [Fig. 8.4(а)] (ав (1 atm)-gas (1 atm) 2-6 
gas (250 atm)-gas (250 atm) 25-90 
liquid—gas (250 atm) 35-100 
liquid-liquid 50-250 
Irrigated tube bank water-gas (1 atm) 3-10 
water—gas (250 atm) 25-60 
water-liquid 50—160 
water-condensing vapor 50-200 
Plate exchanger [Fig. 8.8(a)] water-gas (1 atm) 3-10 
water-liquid 60-200 
Spiral exchanger [Fig. 8.8(c)] liquid-liquid 120-440 
liquid-condensing steam 160—600 
Compact [Fig. 8.6(h)] gas (1atm)-gas (1 atm) 2-6 
gas (1 atm)-liquid 3-10 
Stirred tank, jacketed liquid—condensing steam 90-260 
boiling liquid—condensing steam 120—300 
water-liquid 25—60 
Stirred tank, coil inside liquid—condensing steam 120-440 
water--liquid 90—210 


^ 4 Btu/[hr)(sqft)^F) = 5.6745 W/m? К. 
Data from (HEDH, 1983). 


borne in mind that very few proposed correlations are more 
accurate than +20% or so. 

Along with rate of heat transfer, the economics of practical 
exchanger design requires that pumping costs for overcoming 
friction be taken into account. 


DIRECT CONTACT OF HOT AND COLD STREAMS 


Transfer of heat by direct contact is accomplished in spray towers, 
in towers with a multiplicity of segmented baffles or plates (called 
shower decks), and in a variety of packed towers. In some processes 
heat and mass transfer occur simultaneously between phases; for 
example, in water cooling towers, in gas quenching with water, and 
in spray or rotary dryers. Quenching of pyrolysis gases in transfer 
lines or towers and contacting on some trays in fractionators may 
involve primarily heat transfer. One or the other, heat or mass 
transfer, may be the dominant process in particular cases. 

Data of direct contact heat transfer are not abundant. The 
literature has been reviewed by Fair (1972) from whom specific data 
will be cited. 

One rational measure of a heat exchange process is the number 
of transfer units. In terms of gas temperatures this is defined by 

T 


gin T, 


gout 
= aoee. 8.33 
8 (1; ш Т) mean ( ) 


Тһе logarithmic mear. temperature difference usually is applicable. 
For example, if the gas goes from 1200 to 150°F and the liquid 
countercurrent]y from 120 to 400°F, the mean temperature 


difference is 234.5 and N, — 4.48. The height of a contact zone then 
is obtained as the product of the number of transfer units and the 
height H, of a transfer unit. Several correlations have been made of 
the latter quantity, for example, by Cornell, Knapp, and Fair (1960) 
and modified in the Chemical Engineers Handbook (1973, pp. 
18.33, 18.37). A table by McAdams (1954, p. 361) shows that in 
spray towers the range of H, may be 2.5-10 ft and in various kinds 
of packed towers, 0.4—4 ft or so. 

Heat transfer coefficients also һауе been measured on а 
volumetric or cross section basis. In heavy hydrocarbon fraction- 
ators, Neeld and О’Вага (1970) found overall coefficients of 1360- 
3480 Btu/(br)(°F)(sqft of tower cross section). Much higher values 
have been found in less viscous systems. 

Data on small packed columns were correlated by Fair (1972) 
in the form 

Ua = CG"L^, Btu/(hr)(cuft)(°F), (8.34) 
where the constants depend on the kind of packing and the natures 
of the fluids. For example, with air—oil, 1іп. Raschig rings, in an 
8in. column 

Ua = 0.083G9?*j 9725. (8.35) 
When С and L are both 5000 Ib/(hr)(sqft), for instance, this formula 
gives Ua = 2093 Btu/(hr)(cuft)(°F). 

In spray towers, one correlation by Fair (1972) is 


һа = 0.043G°SL°4/Z°5  Btu/(hr)(cuft)(F). (8.36) 
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TABLE 8.6. Typical Ranges of Individual Film and Fouling Coefficients [h Btu /(hr)(sqft)(°F)] 








Fluid and Process Conditions 
Sensible 

Water liquid 
Ammonia liquid 

Light organics liquid 
Medium organics liquid 

Heavy organics liquid heating 
Heavy organics liquid cooling 
Very heavy organics liquid heating 
Very heavy organics liquid cooling 
Gas 

Gas 

Gas 


Condensing transfer 
Steam ammonia 
Steam ammonia 
Steam ammonia 
Steam ammonia 
Steam ammonia 


all condensable 
196 noncondensable 
496 noncondensable 
ай condensable 
all condensable 


Light organics pure 
Light organics 4% noncondensable 
Light organics pure 


Medium organics 

Heavy organics 

Light condensable mixes 
Medium condensable mixes 
Heavy condensable mixes 


narrow range 
narrow range 
narrow range 
narrow range 
medium range 


Vaporizing transfer 


Water 

Water 

Ammonia 

Light organics pure 

Light organics narrow range 
Medium organics pure 

Medium organics narrow range 
Heavy organics pure 


Heavy organics 
Very heavy organics 


narrow range 
narrow range 


P (atm) (AT), (°F) 10^ в 10° h, 

7.6-11.4 6-14 
7.1-9.5 0-6 

28-38 6-11 

38-76 9-23 

23-76 11-57 

142-378 11-57 

189-568 23-170 
378-946 23-170 

1-2 450-700 0-6 
10 140-230 0-6 
100 57-113 0-6 
0.1 4.7-7.1 0-6 
0,1 9.5-14.2 0-6 
0.1 19-28 0-6 
1 3.8-5.7 0-6 
10 2.3-3.8 0-6 
0.1 28-38 0-6 
0.1 57-76 0-6 
10 8-19 0-6 

1 14-38 6-30 

1 28-95 11-28 

1 23-57 0-11 

1 38-95 6-23 

1 95-190 11-45 

«B 45 5.7-19 6-12 

<100 36 3.8-14 6-12 

«30 36 11-19 6-12 

20 36 14-57 6-12 

20 27 19-76 6-17 

20 36 16-57 6-17 

20 27 23-95 6-17 

20 36 23-95 11-28 

20 27 38-142 11-45 

20 27 57-189 11-57 


Light organics һауе viscosity «1 cP, typically similar to octane and lighter hydrocarbons. 

Medium organics have viscosities in the range 1-5 cP, like kerosene, hot gas oil, light crudes, etc. 

Heavy organics have viscosities in the range 5—100 cP, cold gas oil, lube oils, heavy and reduced crudes, etc. 
Very heavy organics have viscosities above 100 cP, asphalts, molten polymers, greases, etc. 

Gases are all noncondensables except hydrogen and helium which have higher coefficients. 


Conversion factor: 1 Btu/(hr)(sqft}(°F) = 5.6745 W/m? К. 
(After HEDH, 1983, 3.1.4-4). 


In a tower with height Z —30ft and with both G and L at 
5000 Ib/(hr)(cuft), for example, this formula gives Л„а = 215. 

In liquid-liquid contacting towers, data cited by Fair (1972) 
range from 100-12,000 Btu/(hr)(cuft)(^F) and heights of transfer 
units in the range of 5 ft or so. In pipeline contactors, transfer rates 
of 6000—60,000 Btu/(hr)(cuft)(F) have been found, in some cases 
as high as 200,000. 

In some kinds of equipment, data only on mass transfer rates 
may be known. From these, on the basis of the Chilton-Colburn 
analogy, corresponding values of heat transfer rates can be 
estimated. 


NATURAL CONVECTION 


Coefficients of heat transfer by natural convection from bodies of 
various shapes, chiefly plates and cylinders, are correlated in terms 
of Grashof, Prandtl, and Nusselt numbers. Table 8.9 covers the 


most usual situations, of which heat losses to ambient air are the 
most common process. Simplified equations are shown for air. 
Transfer of heat by radiation is appreciable even at modest 
temperatures; such data are presented in combination with 
convective coefficients in item 16 of this table. 


FORCED CONVECTION 


Since the rate of heat transfer is enhanced by rapid movement of 
fluid past the surface, heat transfer processes are conducted under 
such conditions whenever possible. А selection from the many 
available correlations of forced convective heat transfer involving 
single phase fluids, including flow inside and outside bare and 
extended surfaces, is presented in Table 8.10. Heat transfer 
resulting in phase change, as in condensation and vaporization, also 
is covered in this table. Some special problems that arise in 
interpreting phase change behavior will be mentioned following. 
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TABLE 8.7. Individual Film Resistances (1/ h) Including Fouling Effects, with hin 


Btu/(hr)(sqft)F) 


Fluid 


Aromatic liquids 
Benzene, toluene, ethylbenzene, 
styrene 
Dowtherm 
Jnorganic solutions 
CaCl, Brine (25%) 
Heavy acids 
NaCl Brine (20%) 
Misc. dilute solutions 
Light hydrocarbon liquids 
Сз, C4, С; 
Chlorinated hydrocarbons 
Miscellaneous organic liquids 
Acetone 
Amine solutions 
Saturated diethanolamine and mono- 
ethanolamine (CO; and Н,5) 
Lean amine solutions 
Oils 
Crude oil 
Diesel oil 
Fuel oil (bunker C) 
Gas oil 
Light 
Heavy (typical of cat. cracker feed) 
Gasoline (400° EP) 
Heating oil (domestic 30° API) 
Hydroformate 
Kerosine 
Lube oil stock 
Naphthas 
Absorption 
Light virgin 
Light catalytic 
Heavy 
Polymer (C's) 
Reduced crude 
Slurry ой (fluid cat, cracker) 
Steam (no noncondensables) 
Water 
Boiler water 
Cooling tower (untreated) 
Condensate (flashed) 
River and well 
Sea water (clean and below 125°F) 
Gases in turbulent flow 
Air, CO, СО, and М, 
Hydrocarbons (light through naphthas) 


Kind of Heat Transfer 





Sensible Boiling Condensing 


0.007 0.011 0.007 
0.007 -- — 


0.004 — — 
0.013 — — 
0.0035 — — 
0.005 — — 


0.004 
0.004 


0.007 
0.009 


0.004 
0.007 


0.007 — — 


0.007 — — 
0.005 — — 


0.015 — — 
0.011 -- - 
0.018 - - 


0.0125 — 
0.014 - 0.018 
0.008 0.008 
0.010 — — 
0.006 — - 
0.009 - 0.013 
0.018 - -- 


0.015 


0.008 
0.007 
0.006 
0.008 0.011 0.0085 
0.008 0.010 0.008 
0.018 — — 
0.015 


0.010 
0.010 
0.010 


0.006 
0.007 
0.007 


0.001 


0.003 
0.007 — — 
0.002 — — 
0.007 
0.004 — — 


0.045 
0.035 


(Fair and Rase, Pet Refiner 33 (7), 121, 1854; Rase and Barrow, Project Engineering of 


Process Plants, 224, Wiley, 1957.) 


CONDENSATION 


Depending largely on the nature of the surface, condensate may 
form either a continuous film or droplets. Since a fluid film is a 
partial insulator, dropwise condensation results in higher rates of 
condensation. Promoters are substances that make surfaces 
nonwetting, and may be effective as additives in trace amounts to 
the vapor. Special shapes of condensing surfaces also are effective in 
developing dropwise condensation. None of these effects has been 
generally correlated, but many examples are cited in HEDH and 
elsewhere. Condensation rates of mixtures are influenced by 
both heat and mass transfer rates; techniques for making such 


calculations have been developed and are a favorite problem for 
implementation on computers. Condensation rates of mixtures that 
form immíscible liquids also are reported on in HEDH. Generally, 
mixtures have lower heat transfer coefficients in condensation than 
do pure substances. 


BOILING 


This process can be nuclear or film type. In nuclear boiling, bubbles 
detach themselves quickly from the heat transfer surface. In film 
boiling the rate of heat transfer is retarded by an adherent vapor 
film through which heat supply must be by conduction. Either mode 
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TABLE 8.8. Dimensionless Groups and Units of Quantities 
Pertaining to Heat Transfer 


Symbol Number Group 
Bi Biot ВЕК 
Fo Fourier күрсі? 
Gz Graetz wC/kL 
Gr Grashof D?o*gBAT/u* 
Nu Nusselt hD/k 
Pe Peclet DGC/k = (Re)(Pr) 
Pr Prandtl Cu/k 
Re Reynolds DG/u, Dup/p 
Sc Schmidt Шоқ, 
St Stanton hC/G = (Ми) (Ве){Рг} 
Notation Name and Typical Units 
C heat capacity [Btu/(Ib)(°F), са!/(9}{°С)] 
D diameter (ft, m) 
g acceleration of gravity [ft/(hr)*, m/sec?] 
G mass velocity [Ib/thr ft^, kg/sec)(m)*] 
h heat transfer coefficient [Btu/(hrY(saft)^F), 
W/(m)*(sec)] 
k thermal conductivity [Btu/(hr)(sqft)(°F/ft), 
са/(зес{ст?){С/ст)] 
ka diffusivity (volumetric) [ft?/hr, стл? /зес] 
L length (ft, cm) 
T, AT temperature, temperature difference (°F or ^R, °C or К} 
u linear velocity (ft/hr, cm/sec) 
9 overall heat coefficient (same as units of Л) 
w mass rate of flow (lb/hr, g/sec) 
B Thermal expansion coefficient (1/°F, 1/°C) 
9 time (hr, sec) 
u viscosity [Ib/(fthr), g/(cm}(sec)] 
p density [Ib/(ft)?, а/(ст)?] 


can exist in any particular case. Transition between modes 
corresponds to a maximum heat flux and the associated critical 
temperature difference. A table of such data by McAdams (Heat 
Transmission, McGraw-Hill, New York, 1954, p. 386) shows the 
critical temperature differences to range from 42-90°Е and the 
maximum fluxes from 42-126 KBtu/(hr)(sqft) for organic sub- 
stances and up to 410 KBtu/(hr)(sqft) for water; the nature of the 
surface and any promoters are identified. Equations (40) and (41) of 
Table 8.10 are for critical heat fluxes in kettle and thermosyphon 
reboilers. Beyond the maximum rate, film boiling develops and the 
rate of heat transfer drops off very sharply. 

Evaluation of the boiling heat transfer coefficient in vertical 
tubes, as in thermosyphon reboilers, is based on a group of 
equations, (42)-(48), of Table 8.10. A suitable procedure is listed 
following these equations in that table. 


EXTENDED SURFACES 


When а film coefficient is low as in the cases of low pressure gases 
and viscous liquids, heat transfer can be improved economically by 
employing extended surfaces. Figure 8.6 illustrates a variety of 
extended surfaces. Since the temperature of a fin necessarily 
averages less than that of the bare surface, the effectiveness likewise 
is less than that of bare surface. For many designs, the extended 
surface may be taken to be 6046 as effective as bare surface, but this 
factor depends on the heat transfer coefficient and thermal 
conductivity of the fin as well as its geometry. Equations and 
corresponding charts have been developed for the common 
geometries and are shown, for example, in HEDH (1983, Sec. 
2.5.3) and elsewhere. One chart is given with Example 8.6. The 
efficiency 7 of the extended surface is defined as the ratio of a 


realized heat transfer to the heat transfer that would be obtained if 
the fin were at the bare tube temperature throughout. The total 
heat transfer is the sum of the heat transfers through the bare and 
the extended surfaces: 


О =Q, + О. = ULAQ + nAL AS) — Таша). 


A, is the tube surface that is not occupied by fins. Example 8.6 
performs an analysis of this kind of problem. 


8.5. PRESSURE DROP IN HEAT EXCHANGERS 


Although the rate of heat transfer to or from fluids is improved by 
increase of linear velocity, such improvements are limited by the 
economic balance between value of equipment saving and cost of 
pumping. А practical rule is that pressure drop in vacuum 
condensers be limited їо 0.5—1.0 psi (25-50 Torr) or less, depending 
on the required upstream process pressure. Ín liquid service, 
pressure drops of 5—10 psi are employed as a minimum, and up to 
15% or so of the upstream pressure. 

Calculation of tube-side pressure drop is straightforward, even 
of vapor-liquid mixtures when their proportions can be estimated. 
Example 8.7 employs the methods of Chapter 6 for pressure drop in 
a thermosiphon reboiler. 

The shell side with a number of segmental baffles presents more 
of a problem. It may be treated as a series of ideal tube banks 
connected by window zones, but also accompanied by some 
bypassing of the tube bundles and leakage through the baffles. A 
hand calculation based on this mechanism (ascribed to K.J. Bell) is 
illustrated by Ganapathy (1982, pp. 292-302), but the calculation 
usually is made with proprietary computer programs, that of HTRI 
for instance. 

А simpler method due to Kern (1950, pp. 147-152) nominally 
considers only the drop across the tube banks, but actually takes 
account of the added pressure drop through baffle windows by 
employing a higher than normal friction factor to evaluate pressure 
drop across the tube banks. Example 8.8 employs this procedure. 
According to Taborek (HEDH, 1983, 3.3.2), the Kern predictions 
usually are high, and therefore considered safe, by a factor as high 
as 2, except in laminar flow where the results are uncertain. In the 
case worked out by Ganapathy (1982, pp. 292-302), however, the 
Bell and Kern results are essentially the same. 


8.6. TYPES OF HEAT EXCHANGERS 


Heat exchangers are equipment primarily for transferring heat 
between hot and cold streams. They have separate passages for the 
two streams and operate continuously. They also are called 
recuperators to distinguish them from regenerators, in which hot 
and cold streams pass alternately through the same passages and 
exchange heat with the mass of the equipment, which is in- 
tentionally made with large heat capacity. Recuperators are used 
mostly in cryogenic services, and at the other extreme of tem- 
perature, as high temperature air preheaters. They will not be 
discussed here; a detailed treatment of their theory is by Hausen 
(1983). 

Being the most widely used kind of process equipment is a 
claim that is made easily for heat exchangers. A classified directory 
of manufacturers of heat exchangers by Walker (1982) has several 
hundred items, including about 200 manufacturers of shell-and-tube 
equipment. The most versatile and widely used exchangers are the 
shell-and-tube types, but various plate and other types are valuable 
and economically competitive or superior in some applications. 
These other types will be discussed briefly, but most of the space 
following will be devoted to the shell-and-tube types, primarily 
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TABLE 8.9. Equations for Heat Transfer Coefficients of Natural Convection 





Vertical plates and cylinders, length L 
12, АВ үс 
X, = (пі = (РР 108 \(=) 
Hr k'r 
ВЫК= 0.133, turbulent, 10° < X, < 101? 
Me At in °F, h in Btu/(hr)(sqft)(^F) 


h-0.19(^t) 74, for air, 


(1) 


(2) 
(8) 











Һ/к-0.59Х74, laminar, 104< X, < 10? (4) 
h-0.29(At/L, forair, Lin tt (5) 
Single horizontal cylinder, diameter D, 
_ Рорз9Вь At сри 
Xp = a (-Е- (6) 
Ms k 
hDg/k- 0.53X2^, 10° < X, < 10? (7) 
h—-0.18(A2), forair, 107<Х,<1072 (8) 
h-0.2704t/D ^, 10* < Хо < 10? (9) 
Horizontal plates, rectangular, L the smaller dimension 
Dp? gB,At / с, 
х= PO ut (2) (10) 
ит k/s 
Heated plates facing up or cooled facing down 
hL/k=0.14X}, 2(107) < X, <3(10"°), turbulent 
h=0.22(At)", for air an 
һ/к-9.54Х14, 105 < Х, <2(107), laminar (12) 
h-027(At/L) ^ (13) 
Heated plates facing down, or cooled facing up 
hLjk—0.27X]^, 3009) < X, <3(10"), laminar (14) 
h-0.12(At/L)" ^, for air (15) 
Combined convection and radiation coefficients, h, + h,, for horizontal steel or insulated pipes in a room at 80°F (16) 
Nomina (А8,, Temperature Difference (°F) from Surface to Room 
Pipe Dia 
біп.) 50 190 150 200 250 300 400 500 600 700 800 900 1000 1100 1200 
i 2.12 2.48 2.76 3.10 3.41 3.75 4.47 5.30 6.21 7.25 8.40 9.73 11.20 12.81 14.65 
1 2.03 2.38 2.65 2.98 3.29 3.62 4.33 5.16 6.07 7.11 8.25 9.57 11.04 12.65 14.48 
2 1.93 2.27 2.52 2.85 3.14 3.47 4.18 4.99 5.89 6.92 8.07 9.38 10.85 12.46 14.28 
4 1.84 2.16 2.41 2.72 3.01 3.33 4.02 4.83 5.72 6.75 7.89 9.21 10.66 12.27 14.09 
8 1.76 2.06 2.29 2.60 2.89 3.20 3.88 4.68 5.57 6.60 7.73 9.05 10.50 12.10 13.93 
12 1.71 2.01 2.24 2.54 2.82 3.13 3.83 4.61 5.50 6.52 7.65 8.96 10.42 12.03 13.84 
24 1.64 1.93 2.15 2.45 2.72 3.03 3.70 4.48 5.37 6.39 7.52 8.83 10.28 11.90 13.70 


(McAdams, Heat Transmíssion, McGraw-Hill, New York, 1954). 


because of their importance, but also because they are most 
completely documented in the literature. Thus they can be designed 
with a degree of confidence to fit into a process. The other types are 
largely proprietary and for the most part must be process designed 
by their manufacturers. 


PLATE-AND-FRAME EXCHANGERS 


Plate-and-frame exchangers are assemblies of pressed corrugated 
plates on a frame, as shown on Figure 8.8(a). Gaskets in grooves 
around the-periphery contain the fluids and direct the flows into and 
out ef the spaces between the plates. Hot and cold flows are on 
opposite sides of the plates. Figure 8.8(b) shows a few of the many 
combinations of parallel and countercurrent flows that can be 
maintained. Close spacing and the presence of the corrugations 





result in high coefficients on both sides—several times those of 
shell-and-tube equipment—and fouling factors are low, of the order 
of 1-5 x 107° Btu/(hr)(sqft)((F). The accessibility of the heat 
exchange surface for cleaning makes them particularly suitable for 
fouling services and where a high degree of sanitation is required, as 
in food and pharmaceutical processing. Operating pressures and 
temperatures are limited by the natures of the available gasketing 
materials, with usual maxima of 300 psig and 400°F. 

Since plate-and-frame exchangers are made by comparatively 
few concerns, most process design information about them is 
proprietary but may be made available to serious enquirers. Friction 
factors and heat transfer coefficients vary with the plate spacing 
and the kinds of corrugations; a few data are cited in HEDH 
(1983, 3.7.4-3.7.5). Pumping costs per unit of heat transfer are said 
to be lower than for shell-and-tube equipment. In stainless steel 
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TABLE 8.10. Recommended Individual Heat Transfer Coefficient Correlations? 





A. Single Phase Streams 





a. Laminar Flow, Re « 2300 
Inside tubes 


Nu, = 3.663 + 1.613 Pe(d/L), 0.1« Pe(d/L) < 10° (1) 


Between parallel plates of length L and separation distance s 


0.0156[Pe(s/1)] "^ 


Nu; = 3.78 + А 
ur 7378 41 + Gos8[Pe(s/ D] 9 Pro? 





0.1 < Pe(s/L) < 10? (2) 


іп concentric annuli with 4 inside, d, outside, and hydraulic diameter d, = d, — а. |, heat 
transfer at inside wall; ||, at outside wall; Ill, at both walls at equal temperatures 





d 0.191Ре(4,/1)19:9 
E 3 
bu МНЯ РИ, (3) 
а —0.8 
Case |: Nu,.=3.66 + 1.2( $) (4) 
р 0.5 
Case ПІ: мч„=3,66+12( ©) (5) 
о 
0.102 dj 994 
Case 1: Ми -366 [a еле) (6) 
d (а/а) - 0:2. d, 
А) там) 
i — |= 14l 5 
Case | қа 1+ 0.14 d (7) 
а аууз 
: —j- 14(-- 8 
Case Il 42) 1404 (2) 8) 
а d\o1 
Case ІІ: (4) =1+04( 2) (9) 


b. Turbulent Flow, Ве > 2300 


Inside tubes 
2/3 
Nu = 0.0214(Re®* — 100) prea] 1 + (2) | 0.5 <Рг< 1.5 (10) 
2/3 
Nu = 0.012(Re??? — 280) pod + (2 | 1.5 <Рг< 500 (11) 


Concentric annuli: Use d, for both Re and Nu. Минье from Eqs. (10) or (11) 








Nu, | \ -0.16 
Case |: E ose( $) 
Nuube d, 
Nu d 0.6 
Case 11: 2 =1-0.14( 2) is 
Мчшье а, (13) 
N .86(d/d,)99^ + [1—0.14(d,/d, 9 
Case 11: _ МЧ _ 0-86(d/d, 7 + [1 0.14(4/9,)»°] (14) 
Ма, 14 d/d, 


Across one row of long tubes: d diameter, s-center-to-center distance, а = s/d, 
y =1- л/4а, Ё=ла/2 





Re, = фу (15) 
Nu, row = 0.3 + VNU? ат + Миў turb (16) 
Nu, tam = 0.664 VRe,, , Pr”? (17) 
Nu, turb = 0.037 Веб Pr/[1 + 2.443 Rez (Pr? — 1)] (18) 
Nu, пом = aL/À (19) 





? Special notation used in this table: œ = heat transfer coefficient (W/m? К) (instead of А), 
n = viscosity (instead of н), and a = thermal conductivity (instead of k). 
(Based on HEDH, 1983). 
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TABLE 8.10—(continued) 


Across a bank of n tubes deep: 


-LINE T oo 
оо o5 ty О 
ОФФ о азы 
OO oro О - 9+ 


КИР s» Tj 
Ь = 52/4 

М “ 
Ф-1-л/да ifbz1 (20) 
y-1-z[/Aab НЬ<1 (21) 
Nuo,bank = «ЦА = fa Nu, ou К, nz10 (22) 
Nus bank = [1 + (0 = 1) fal Мико К, n«10 {23} 

[Nu, о from Eq. (16)] 

fa inane = 1 + (0.7/w"*)[(b/a — 0.3)/(b/a + 0.7)2] (24) 
fA stag =1+ 2/35 (25) 
К-іРг/Рг, 925, for liquid heating (26) 
К = (Pr/Pr,)9!*,. for liquid cooling (27) 
K-(T/T,*'?, for gases (28) 


Subscript w designates wall condition 
Banks of radial high-fin tubes: с = (bare tube surface)/(total surface of finned tube) 
іп line: 
Nu = 0.30 Не0:625;-9-375 рү0.333 5.57.12, 5000«Re < 105 (29) 
Staggered: a = s,/d, b = s;/d, $ = spacing of fins 
Nu = 0.19(3/ b? 7 (s/d)9?(h/d)-9^ Re955pr?33— 190 < Re < 20,000 (30) 


Banks of radial low-fin tubes: D = diameter of finned tube, s —distance between fins, 
h = height of fin; following correlation for D = 22.2 mm, $ = 1.25 mm, and В = 1.4 mm 


Nu = 0.0729 Re?7^ Pr°36, 5000 < Re < 35,000 (31) 
Ми = 0.137 Re?9? pr??6, 35 000 < Re < 235,000 (32) 
Nu = 0.0511 Re979 Pr?39, 235,000 < Re < 105 (33) 








B. Condensation of Pure Vapors 





On vertical tubes and other surfaces; Г = condensation rate per unit of periphery 


4 1/3 4T - 1/3 
n ] та ) (34) 


1! 
A, Lee, — Pg) In 7 








On a single horizontal tube: T = condensation rate per unit length of tube 


2 1/3 ar —1/3 
un | 151 ) (35) 


| 
№ | pilo, = Ро} 9 т 








(continued) 
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TABLE 8.10—(continued) 


On а bank of М horizontal tubes: Г = condensation rate per unit length from the bottom tube 


2 1/3 4T —1/3 
2н | =1.51/ ) N- ve (36) 


| 
№ ор, — polos M 





C. Boiling 
Single immersed tube: д heat flux (М//т?), p, = critical pressure, bars, P. = p/p, 
а = 0.100047 p?5?[1.8p917 + 4р12 + 10р19], W/m? К (37) 
Kettle and horizontal thermosiphon reboilers 
«= 0.27 exp(-0.027BR)d9 7 p959p9? + a, (38) 


BR = difference between dew and bubblepoints (°K); if more than 85, use 85 





= { 250 W/m? К, for hydrocarbons зз) 
ne [1000 W/mK, for water 
Critical heat flux in kettle and horizontal thermosiphon reboilers 
йтах = 80,700р,р2:35(1 — р), W/m? (40) 
V = (external peripheral surface of tube bundle)/ 
(total tube area); if 20.45, use 0.45 
Boiling ín vertical tubes: thermosiphon reboilers 
Critical heat flux: p, critical pressure, bars; D, tube ID, m; L tube length, m 
4 = 393,000(D2/L)935p9.815925(4 — p. ), W/m? (41) 
Heat transfer coefficient with Eqs. (42)- (48) and following procedure 
ақ = ab + ас (42) 
m(1— x)DV99 (nc, 9^ A, 
ш 0.023( ? ( 2) Ғ 4 
e т a), D dd 
1 Coop)? T9244 0075 
= 0.001 (ата ары) 24A 0075$ 4 
аль 22 055,929 0.240024 АТ APsat (44) 
Е-1 for1/X, =0.1 (45) 
Е= 2.35(1/Х„ + 0.213)0736 for 1/X,, > 0.1 (46) 
$= 1/(1 + 2.53 x 10-6 Ве! 17) (47) 
Xa = pU — x)/x1?2(9,/p ng)" (48) 


Procedure for finding the heat transfer coefficient and required temperature difference when 
the heat flux d, mass rate of flow rn and fraction vapor x are specified 


. Find Xw Eq. (48) 

. Evaluate F from Eqs. (45), (46) 

. Calculate а„, Eq. (43) 

. Calculate Не, = rhF'?*(1— x)D/n, 

. Evaluate S from Eq. (47) 

. Calculate «,, for a range of values of AT, 

. Calculate a, from Eq. (42) for this range of АТ, values 

. On a plot of calculated д = а,„АТ,., against ~p, find the values of a, and AT, 
corresponding to the specified 4 


очольом-а 
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EXAMPLE 8.6 

Sizing an Exchanger with Radial Finned Tubes 
A. liquid is heated from 150 to 190°Е with a gas that goes from 250 
to 200°F. The duty is 1.25 MBtu/hr. The inside film coefficient is 
200, the bare tube outside coefficient is й, = 20 Btu/(hr)(sqft)(°F). 
The tubes are 1in. OD, the fins are Zin. high, 0.038 in. thick, and 
number 72/4. The total tube length will be found with fins of steel, 
brass, or aluminum: 


LMTD = (60 — 50)/1n(60/50) = 54.8, 
U, = (1/20 + 1/200)! = 18.18. 


Fin surface: 
A, = 72(2)(х [4)[(2.25? — 1)/144] = 3.191 sqft/ft. 
Uncovered tube surface: 


А» = (л /12)[1 — 72(0.038/12)] = 0.2021 sqft/ft, 
А.А,-3.191/0.2021 = 15.79, 
у» = half-fin thickness = 0.038/2(12) = 0.00158 ft. 


Abscissa of the chart: 


x= (t, — ra} Vhs уь = [0.25 — 1)/24]V20/0.00158k 
= 5.86/Vk, 
rry = 2.25, 
A, = Q/U,AT( + пА„/Аь) 
= 1.25(109)/18.18(54.8)(1 + 15.79) sq ft. 


Find 7 from the chart. Tube length, L = A,/0.2021 ft. 


k x n А L 


Steel 26 1.149 0.59 121.6 602 
Brass 60 0.756 0.76 96.5 477 
Al 120 0.535 0.86 86.1 426 


И | 
P 


Annee 
тишин 


ас 
ш 
IN. 
М 
аа 
L| 
ш 
Г] 
Г] 
a 


LIT VT 
«ГІТ 











EXAMPLE 8.7 

Pressure Drop оп the Tube Side of а Vertical Thermosiphon 

Reboiler 
Liquid with the properties of water at 5 atm and 307°Е is reboiled at 
a feed rate of 2800 15 /(рг) (пабе) with 30 wt % vaporization. The 
tubes are 0.1 ft ID and 12 ft long. The pressure drop will be figured 
at an average vaporization of 15%. The Lockhart-Martinelli, 
method will be used, following Example 6.14, and the formulas of 
Tables 6.1 and 6.8: 


Liquid Vapor 
rh (Ib/hr) 2380 420 
и (lb/ft hr) 0.45 0.036 
p (Ib/cuft) 57.0 0.172 
Re 67340 148544 
f 0.0220 0.0203 
AP{L (psi/ft) 0.00295 0.0281 


X? — 0.00295/0.0281 = 0.1051, 
C - 20, 
$2 =1+20/Х +1/Х? = 72.21, 
(AP/L) two phase = 72.21(0.00295) = 0.2130, 
AP —0.2130(12) = 2.56 psi, 5.90 ft water. 


12 


Average density in reboiler tubes is 


_ 2800 
Pm = 5380/57 + 420/0.172 





= 1.13 lb/cuft. 


Required height of liquid in tower above bottom of tube sheet 


prh = 2.56(144) + 1.13(12), 
h = 382.2/57 = 6.7 ft. 
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EXAMPLE 8.8 
Pressure Drop on the Shell Side with 25% Open Segmental 
Baffles, by Kern's Method (1950, p. 147) 

Nomenclature and formulas: 


1.1028P2/D, — D, 
1.2732P?JD, – D, 


triangular pitch, 


hydraulic diameter D, — | square pitch 


/ \ 


paa 


\ 
/ \ 
(5- i -е) 
к 
D, = shell diameter, 
B = distance between baffles, 
М = number of baffles, 


A, = flow area = D,BC/P,, 
G,=m/A,, 1b/(hr)(sqft), 


Re = D,G,/u, 
}= 0.0121Ве 91°, 300«Re «106, 
др IGEDN +1) _ fG2D,(N + 1) 
2gpD, 5.22(10:9 Б,” 
s = specific gravity. 





psi , 


Numerical example: 


т = 43,800 Ib/hr, 


5 = 0.73 sp gr, 
и = 0.097 lb/ft hr, 
D,=1in., 
Р,= 1.25іп., triangular pitch, 


C —1.25 – 1.002 0.25 in., 
D, = 21.25 in., 1.77 ft., 
D, = 0.723 in., 0.0603 ft., 
В-б5іп., 
М = 38 baffles, 
А, = 21.25(0.25)(5)/1.25(144) = 0.1476 зай, 
С, = 43,800/0.1476 = 296,810 Ib/(hr)(saft), 
Re = 0.0603(296,810)/0.97 = 18,450, 
{= 0.0121(18,450) 7° = 0.00187, 
0.00187(296,810)2(1.77)(39) _ 
5.22(1016) (0.73)(0.0603) | 





АР= 4.95 psi. 





construction, the plate-and-frame construction cost is 50-70% that 
of shell-and-tube, according to Marriott (Chem. Eng., April 5, 
1971). 

A process design of a plate-and-frame exchanger is worked out 
by Ganapathy (1982, p. 368). 


SPIRAL HEAT EXCHANGERS 


As appears on Figure 8.8(c), the hot fluid enters at the center of the 
spiral element and flows to the periphery; flow of the cold fluid is 
countercurrent, entering at the periphery and leaving at the center. 
Heat transfer coefficients are high on both sides, and there is no 
correction to the log mean temperature difference because of the 
true countercurrent action. These factors may lead to surface 
requirements 20% or so less than those of shell-and-tube ех- 
changers. Spiral types generally may be superior with highly viscous 
fluids at moderate pressures. Design procedures for spiral plate and 
the related spiral tube exchangers are presented by Minton (1970). 
Walker (1982) lists 24 manufacturers of this kind of equipment. 


COMPACT (PLATE-FIN) EXCHANGERS 


Units like Figure 8.6(h), with similar kinds of passages for the 
hot and cold fluids, are used primarily for gas service. Typically 
they have surfaces of the order of 1200 m?/m? (353 sqft/cuft), 
corrugation height 3.8-11.8 mm, corrugation thickness 0.2-0.6 mm, 
and fin density 230-700 fins/m. The large extended surface permits 
about four times the heat transfer rate per unit volume that can be 
achieved with shell-and-tube construction. Units have been de- 
signed for pressures up to 80 atm or so. The close spacings militate 
against fouling service. Commercially, compact exchangers are used 
in cryogenic services, and also for heat recovery at high 
temperatures in connection with gas turbines. For mobile units, as 


in motor vehicles, the designs of Figures 8.6(h) and (i) have the 
great merits of compactness. and light weight. Any kind of 
arrangement of cross and countercurrent flows is feasible, and three 
or more different streams can be accommodated in the same 
equipment. Pressure drop, heat transfer relations, and other aspects 
of design are well documented, particularly by Kays and London 
(1984) and in HEDH (1983, Sec. 3.9). 


AIR COOLERS 


In such equipment the process fluid flows through finned tubes and 
cooling air is blown across them with fans. Figures 8.4(g) and (h) 
show the two possible arrangements. The economics of application 
of air coolers favors services that allow 25-40°Е temperature 
difference between ambient air and process outlet. In the range 
above 10 MBtu/(hr), air coolers can be economically competitive 
with water coolers when water of adequate quality is available in 
sufficient amount. 

Tubes аге 0.75-1.00in. OD, with 7-11 fins/in. and 0.5- 
0.625 in. high, with a total surface 15—20 times bare surface of the 
tube. Fans are 4-12 ft/dia, develop pressures of 0.5-1.5 in. water, 
and require power inputs of 2-5HP/MBtu/hr or about 7.5 HP/ 
100sqft of exchanger cross section. Spacings of fans along the 
length of the equipment do not exceed 1.8 times the width of the 
cooler. Face velocities are about 10 ft/sec at a depth of three rows 
and 8 ft/sec at a depth of six rows. 

Standard air coolers come in widths of 8, 10, 12, 16, or 20 ft, 
lengths of 4—40 ft, and stacks of 3-6 rows of tubes. Example 8.8 
employs typical spacings. 

Three modes of control of air flow are shown in Figure 3.3(e). 
Precautions may need to be taken against subcooling to the freezing 
point in winter. 


25% segmental baffles, 





o o ci rune БЕЙ аук mauu 
(iii) Parallel flows throughout 
(b) 





Figure 8.8. Plate and spiral compact exchangers. (a) Plate heat 
exchanger with corrugated plates, gaskets, frame, and corner 
portals to control flow paths. (b) Flow patterns in plate exchangers, 
(i) parallel-counter flows; (ii countercurrent flows; (iii) parallel 
flows throughout. (c) Spiral exchanger, vertical, and horizontal 
cross sections. 
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Forced draft arrangement, from below the tubes, Figure 8.4(h), 
develops high turbulence and consequently high heat transfer 
coefficients. Escape velocities, however, are low, 3 m/sec or so, and 
as a result poor distribution, backmixing and sensitivity to cross 
currents can occur. With induced draft from above the tubes, Figure 
8.4(g), escape velocities may be of the order of 10 m/sec and better 
flow distribution results. This kind of installation is more expensive, 
the pressure drops are higher, and the equipment is bathed in hot 
air which can be deteriorating. The less solid mounting also can 
result in noisier operation. 

Correlations for friction factors and heat transfer coefficients 
are cited in HEDH. Some overall coefficients based on external 
bare tube surfaces are in Tables 8.11 and 8.12. For single passes in 
cross flow, temperature correction factors are represented by Figure 
8.5(c) for example; charts for multipass flow on the tube side are 
given in HEDH and by Kays and London (1984), for example. 
Preliminary estimates of air cooler surface requirements can be 
made with the aid of Figures 8.9 and 8.10, which are applied in 
Example 8.9. 


DOUBLE-PIPES 


This kind of exchanger consists of a central pipe supported within a 
larger one by packing glands [Fig. 8.4(а)]. The straight length is 
limited to a maximum of about 20 ft; otherwise the center pipe will 
sag and cause poor distribution in the annulus. It is customary to 
operate with the high pressure, high temperature, high density, and 
corrosive fluid in the inner pipe and the less demanding one in the 
annulus. The inner surface can be provided with scrapers [Fig. 
8.4(b)] as in dewaxing of oils or crystallization from solutions. 
External longitudinal fins in the annular space can be used to 
improve heat transfer with gases or viscous fluids. When greater 
heat transfer surfaces are needed, several double-pipes can be 
stacked in any combination of series or parallel. 

Double-pipe exchangers have largely lost out to shell-and-tube 
units in recent years, although Walker (1982) lists 70 manufacturers 
of them. They may be worth considering in these situations: 


1. When the shell-side coefficient is less than half that of the tube 
side; the annular side coefficient can be made comparable to the 
tube side. 

2. Temperature crosses that require multishell shell-and-tube units 
can be avoided by the inherent true countercurrent flow in 
double pipes. 

3. High pressures can be accommodated more economically in the 
annulus than they can in a larger diameter shell. 

4. At duties requiring only 100—200 sqft of surface the double-pipe 
тау be more economical, even in comparison with off-the-shelf 
units. 


The process design of double-pipe exchangers is practically the 
simplest heat exchanger problem. Pressure drop calculation is 
straightforward. Heat transfer coefficients in annular spaces have 
been investigated and equations are cited in Table 8.10. A chapter 
is devoted to this equipment by Kern (1950). 


8.7. SHELL-AND-TUBE HEAT EXCHANGERS 


Such exchangers are made up of a number of tubes in parallel and 
series through which one fluid travels and enclosed in a shell 
through which the other fluid is conducted. 


CONSTRUCTION 


The shell side is provided with a number of baffles to promote high 
velocities and largely more efficient cross flow on the outsides of the 
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TABLE 8.11. Overall Heat Transfer Coefficients in Air Coolers [U Btu/(hr)(°F)(sqft of outside bare tube surface)] 














Liquid Coolers Condensers 
Heat-Transfer Heat-Transfer Heat-Transfer 
Coefficient, Coefficient, Coefficient, 
Material [Btu/ (hr) (ft^)(*F)] Material [Btu /(hr)(#t7)(°F)] Material [Веи (hrY(ft?)*F)] 
Oils, 20% АРІ 10-16 Heavy oils, 8-14% АРІ Steam 140-150 
200°F avg. temp 10-16 300°F avg. temp 6-10 Steam 
300°F avg. temp 13-22 400°F avg. temp 10-16 10% noncondensibles 100-110 
400°F avg. temp 30-40 Diesel oil 45-55 20% noncondensibles 95-100 
Kerosene 55-60 40% noncondensibles 70-75 
Oils, 30% АРІ Heavy naphtha 60-65 Pure light hydrocarbons 80-85 
150°F ауа. temp 12-23 Light naphtha 65-70 Mixed light hydrocarbons 65-75 
200°F avg. temp 25-35 Gasoline 70-75 Gasoline 60-75 
300°F avg. temp 45-55 Light hydrocarbons 75-80 Gasoline-steam mixtures 70-75 
400°F avg. temp 50-60 Alcohols and most Medium hydrocarbons 45-50 
organic solvents 70-75 Medium hydrocarbons 
Oils, 40° API w/steam 55—60 
150°F avg. temp 25—35 Ammonia 100—120 Pure organic solvents 75-80 
200°F avg. temp 50—60 Brine, 75% water 90-110 Ammonia 100-110 
300°F avg. temp 55-65 Water 120-140 
400°F avg. temp 60—70 50% ethylene glycol 
and water 100-120 
Vapor Coolers 
Heat-Transfer Coefficient [Btu / (hr)(ft2)(°F)] 
Material 10 psig 50 psig 100 psig 300 psig 500 psig 
Light hydrocarbons 15-20 30-35 45-50 65-70 70-75 
Medium hydrocarbons and organic solvents 15-20 35-40 45—50 65-70 70-75 
Light inorganic vapors 10-15 15-20 30-35 45-50 50-55 
Air 8-10 15-20 25-30 40-45 45-50 
Ammonia 10-15 15—20 30-35 45-50 50-55 
Steam 10-15 15-20 25-30 45—50 55-60 
Hydrogen 
100% 20-30 45-50 65-70 85-95 95-100 
75% мо! 17-28 40-45 60-65 80-85 85-90 
50% мо! 15-25 35-40 55--60 75-80 85-90 
25% vol 12-23 30-35 45-50 65-70 80-85 
[Brown, Chem. Eng. (27 Mar. 1978). 
TABLE 8.12. Overall Heat Transfer Coefficients in Condensers, 
Btu/(hr)(sqft)F)? 
Liquid Coolants Air Coolers 
Vapor Coolant Btu /(hr){sqft)(°F) Btu/(hr) 
Alcohol water 100-200 Vapor (bare sqft)(°F) 
Dowtherm tall oil 60-80 4 
Dowtherm Dowtherm 80-120 Ammonia 100=120 
Freons 60—80 
Hydrocarbons Hvd b light 80-100 
high boiling under vacuum water 18—50 усгосаггопа,.79 
low boiling water 80-200 ие 69:70 
$ А е Naphtha, light 70—80 
intermediate cil 25-40 р 10 
Кегозепе water 30—65 Steam 130140 
Кегозепе ой 20—30 а Air cooler data are based оп 50 mm tubes with aluminum fins 
naphtha water 50-75 16-18 mm high spaced 2.5-3 mm apart; coefficients based on bare tube 
naphtha oil 20-40 surface. Excerpted from НЕОН, 1983. 
Organic solvents water 100—200 
Steam water 400-1000 
Steam-organic azeotrope water 40-80 
Vegetable oils water 20—50 
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100 Btu/(hr)(sqft)( F). (b) U 


(d) 
Figure 8.10. Required surfaces of air coolers with six rows of tubes. (a) U 


Proc., 93-100 (Feb. 1972)]. 


10. [Lerner, Hyd. 


80. (c) U = 60. (d) U —40. (e) U=20. (f) U= 


EXAMPLE 8.9 

Estimation of the Surface Requirements of an Air Cooler 
An oil is to be cooled from 300 to 150°F with ambient air at 90°F, 
with a total duty of 20 MBtu/hr. The tubes have 5/8 in. fins on 1in. 
OD and 2-5/16 in. triangular spacing. The tube surface is given by 


А = 1.33NWL, 
N = number of rows of tubes, from 3 to 6, 
W = width of tube bank, ft, 

L = length of tubes, ft. 


sqft of bare tube surface, 


According to the data of Table 8.12, the overall coefficient may be 
taken as U = 60 Btu/(hr)(°F)(sqft of bare tube surface). Exchangers 
with 3 rows and with 6 rows will be examined. 


Approach = 150 — 90 = 60°F, 
Cooling range = 300 — 150 = 150°F, 
From Figure 8.9(f), 3 rows, 
A = 160 sqft/MBtu/hr) 
— 160(20) = 3200 sqft 
= 1.33(3)WL. 
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When W = 16 ft, L = 50 ft. 

Two fans will make the ratio of section length to width, 
25/16 = 1.56 which is less than the max allowable of 1.8. At 
7.5 HP/100 sqft, 


16(50) — 
160 757 60 НР. 





Power — 


From Figure 8.10(c), 6 rows, 


А = 185 sqft/(MBtu/hr) 
— 185(20) = 3700 sqft. 
-133(6)WL. 


When W = 16 ft, L = 29 ft. 
Since L/W = 1.81, one fan is marginal and two should be used: 


Power = [16(29)/100]7.5 = 34.8 HP. 


The 6-row construction has more tube surface but takes less 
power and less space. 





tubes. Figure 8.4(c) shows a typical construction and flow paths. 
The versatility and widespread use of this equipment has given rise 
to the development of industrywide standards of which the most 
widely observed are the TEMA standards. Classifications of 
equipment and terminology of these standards are summarized on 
Figure 8.11. 

Baffle pitch, or distance between baffles, normally is 0.2-1.0 
times the inside diameter of the shell. Both the heat transfer 
coefficient and the pressure drop depend on the baffle pitch, so that 
its selection is part of the optimization of the heat exchanger. The 
window of segmental baffles commonly is about 25%, but it also is a 
parameter in the thermal-hydraulic design of the equipment. 

In order to simplify external piping, exchangers mostly are built 
with even numbers of tube passes. Figure 8.12(c) shows some 
possible arrangements, where the full lines represent partitions in 
one head of the exchanger and the dashed lines partitions in the 
opposite head. Partitioning reduces the number of tubes that can be 
accommodated in a shell of a given size. Table 8.12 is of such data. 
Square tube pitch in comparison with triangular pitch accommo- 
dates fewer tubes but is preferable when the shell side must be 
cleaned by brushing. 

Two shell passes are obtained with a longitudinal baffle, type F 
in Figures 8.11(a) or 8.3(c). More than two shell passes normally 
are not provided in a single shell, but a 4-8 arrangement is 
thermally equivalent to two 2-4 shells in series, and higher 
combinations are obtained with more shells in series. 


ADVANTAGES 


A wide range of design alternates and operating conditions is 
obtainable with shell-and-tube exchangers, in particular: 


е Single phases, condensation or boiling can be accommodated іп 
either the tubes or the shell, in vertical or horizontal positions. 


* Pressure range and pressure drop are virtually unlimited, and can 
be adjusted independently for the two fluids. 


* Thermal stresses can be accommodated inexpensively. 


* A great variety of materials of construction can be used and may 
be different for the shell and tubes. 


е Extended surfaces for improved heat transfer сап be used on 
either side. 


* A great range of thermal capacities is obtainable. 


* The equipment is readily dismantled for cleaning or repair. 


TUBE SIDE OR SHELL SIDE 


Several considerations may influence which fluid goes on the tube 
side or the shell side. 

The tube side is preferable for the fluid that has the higher 
pressure, or the higher temperature or is more corrosive. The tube 
side is less likely to leak expensive or hazardous fluids and is more 
easily cleaned. Both pressure drop and laminar heat transfer can be 
predicted more accurately for the tube side. Accordingly, when 
these factors are critical, the tube side should be selected for that 
fluid. 

Turbulent flow is obtained at lower Reynolds numbers on the 
shell side, so that the fluid with the lower mass flow preferably goes 
on that side. High Reynolds numbers are obtained by multipassing 
the tube side, but at a price. 


DESIGN OF A HEAT EXCHANGER 


A substantial number of parameters is involved in the design of a 
shell-and-tube heat exchanger for specified thermal and hydraulic 
conditions and desired economics, including: tube diameter, 
thickness, length, number of passes, pitch, square or triangular; size 
of shell, number of shell baffles, baffle type, baffle windows, baffle 
spacing, and so on. For even a modest sized design program, Bell 
(in HEDH, 1983, 3.1.3) estimates that 40 separate logical designs 
may need to be made which lead to 2“ = 1.10 x 10” different paths 
through the logic. Since such a number is entirely too large for 
normal computer processing, the problem must be simplified with 
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Association 


classification and terminology for heat exchangers. (a) TEMA 
terminology for shells and heads of heat exchangers. (b) 
Terminology for parts of a TEMA type AES heat exchanger. The 
three letters A, E, and S come from part (a). 


some arbitrary decisions based on as much current practice as 
possible. 

A logic diagram of a heat exchanger design procedure appears 
in Figure 8.13. The key elements are: 


1. Selection of a tentative set of design parameters, Box 3 of Figure 
8.13(a). 

2. Rating of the tentative design, Figure 8.13(b), which means 
evaluating the performance with the best correlations and 
calculation methods that are feasible. 

3. Modification of some design parameters, Figure 8.13(c), then 
rerating the design to meet thermal and hydraulic specifications 
and economic requirements. 


A procedure for a tentative selection of exchanger will be 
described following. With the exercise of some judgement, it is 
feasible to perform simpler exchanger ratings by hand, but the 
present state of the art utilizes computer rating, with in-house 
programs, or those of HTRI or HTFS, or those of commercial 
services. More than 50 detailed numerical by hand rating examples 
are in the book of Kern (1950) and several comprehensive ones in 
the book of Ganapathy (1982). 


TENTATIVE DESIGN 


The stepwise procedure includes statements of some rules based on 
common practice. 


1. Specify the flow rates, terminal temperatures and physical 
properties. 

2. Calculate the LMTD and the temperature correction factor F 
from Table 8.3 or Figure 8.5. 

3. Choose the simplest combination of shell and tube passes or 
number of shells in series that will have a value of F above 0.8 or 
so. The basic shell is 1-2, one shell pass and two tube passes. 

4. Make an estimate of the overall heat transfer coefficient from 
Tables 8.4-8.7. 

5. Choose a tube length, normally 8, 12, 16, or 20 ft. The 8 ft long 
exchanger costs about 1.4 times as much as the 20 ft one per unit 
of surface. 

6. Standard exchanger tube diameters are 0.75 or 1in. OD, with 
pitches shown in Table 8.13. 

7. Find a shell diameter from Table 8.13 corresponding to the 
selections of tube diameter, length, pitch, and number of passes 
made thus far for the required surface. As a guide, many heat 
exchangers have length to shell diameter ratios between 6 and 8. 

8. Select the kinds and number of baffles on the shell side. 


The tentative exchanger design now is ready for detailed 
evaluation with the best feasible heat transfer and pressure drop 
data. The results of such a rating will suggest what changes may be 
needed to satisfy the thermal, hydraulic, and economic require- 
ments for the equipment. Example 8.10 goes through the main part 
of such a design. 


8.8. CONDENSERS 


Condensation may be performed inside or outside tubes, in 
horizontal or vertical positions. In addition to the statements made 
in the previous section about the merits of tube side or shell side: 
When freezing can occur, shell side is preferable because it is less 
likely to clog. When condensing mixtures whose lighter components 
are soluble in the condensate, tube side should be adopted since 
drainage is less complete and allows condensation (and dissolution) 
to occur at higher temperatures. Venting of noncondensables is 
more positive from tube side. 
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Figure 8.12. Arrangements of cross baffles and tube-side passes. (a) Types of cross baffles. (b) Rod baffles for minimizing tube vibrations; 
each tube is supported by four rods. (c) Tube-side multipass arrangements. 
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Figure 8.13. A procedure for the design of a heat exchanger, comprising a tentative selection of 
design parameters, rating of the performance, modification of this design if necessary, and 
re-rating to meet specifications (see also Bell, in Heat Exchanger Design Handbook, Section 
3.1.3, Hemisphere Publishing Company, 1983). 
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TABLE 8.13. Tube Counts of Shell-and-Tube Heat Exchangers? 


Heat Exchanger Tube Shect Layout Count Table 


8 I.D. of Sheil (In.) 


34" on Ha” A 
4" оп 1" А 
$$" on 1 B 
"on lw" A 
1‘ оп i’ O 


34" on 116 A 
М" оп 1” A 
34" оп 1* DJ 
l'onil"A 


УТИ 
рәх 




















Soqu, 
рохи 











34” on USA 
А оп 1" A 
(4 anali” D 

on UA 
i. on lk’ О 





а Е 


m Иве A | 
оп 1" A 
2 1 


ITA 
пім? 0 


3" on 116° A 
onl’ А 
onl’ QO 
"оп їй A 
"оп 14" о 


Mo n t А 
$2 * on Va 
34" on 1" SA 
1“ оп 1l" A 

1“ оп 14" 0 


34" on 1%” A 
"оп 1" А 
34” оп 17 O 
1” on 14" A 
1” оп 114" [1 


34" on ! s" A 
3" onl? A 
34° оп1” O 
lon іж” A 
i7o 1’ oO 
34" on ie” A 
34 * оп 1" А 
$” onl? O 
464 | l'on1M'A 
| 1%оп1М%0 
35 31 29 27 25 2114 174 | І.Ю. of Shell (in.) 
i 











ГА 
L4 
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"Soqul _ 
рәх 


% 
% 
а 
1” 
1” 











ssuj-Jnod 














TEZU 











soquji, 
рәх 


SSUd-XIS 























Sqn A 








"воспу" 
рәх 








990-300 























Ганги | 

















1 Allowance made for Tie Rods. 

? R.O.B. = 21 x Tube Dia. Actual Number of “U” Tubes is one-half the above figures. 

? A 3/A in. tube has 0.1963 sqft/ft, a 1 in. OD has 0.2618 sqft/ft. Allowance made for tie rods. 
© R.O.B, = 21 x tube dia. Actual number of “U” tubes is one-half the above figures. 
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ФФ 


EXAMPLE 8.10 

Process Design of а Shell-and-Tube Heat Exchanger 
An oil at the rate of 490,000 Ib/hr is to be heated from 100 to 170°Е 
with 145,000 lb/hr of kerosene initially at 390°F. Physical properties 


are 


Oil 0.85 sp gr, 3.5 cP at 135°F, 0.49 sp ht 
Kerosene 0.82 sp gr, 0.4 cP at 200°F, 0.61 sp ht 


oil, 100 F 
490000 pph 


170 F 











kerosene 


200 F 
145000 pph 


Kerosene outlet: 


T = 390 — (490,000/145,000)(0.49/0.61)(170 — 100) 
= 200°Е, 

LMTD = (220 — 100) Лю 2.2 = 152.2, 

Р = (170 — 100)/(390 — 100) = 0.241, 

R — (390 — 200)/(170 — 100) = 2.71. 


From Figure 8.5(a), F — 0.88, so a 1-2 exchanger is satisfactory: 
АТ = 152.2(0.88) = 133.9. 


From Table 8.6, with average values for medium and heavy 
Organics, 


U = 104/(57 + 16 + 50+ 34) = 63.7, 

О = 490,000(0.49)(170 — 100) = 1.681107) Btu 1 hr, 
А= ОЈОАТ -1.681(107)/63.7(133.9) = 1970 sqft, 
1970/0.2618 = 7524.8 ft of 1 іп. OD tubing. 


Use 14 in. pitch, two tube pass. From Table 8.13, 


Р.нен (number of tubes) 
Required -------- 


L (ft) No. Tubes Triangular Square 
8 940 — — 
12 627 35 (608) 37 (584) 
16 470 31 (462) 33 (460) 
20 376 29 (410) 31 (402) 


Use 16 ft tubes on 11 in. square pitch, two pass, 33 in. shell 


L/D = 16/(33/12) = 5.82, 


which is near standard practice. The 20 ft length also is acceptable 
but will not be taken. 

The pressure drops on the tube and shell sides are to be 
calculated. 

Tube side: 0.875 іп. ID, 230 tubes, 32 ft long: Take one velocity 
head per inlet or outlet, for a total of 4, in addition to friction in the 
tubes. The oil is the larger flow so it will be placed in the tubes. 


т = 490,000/230 = 2130.4 Ib/(hr) (tube). 
Use formulas from Table 6.1 


Re = 6.314(2130.4)/0.875(3.5) = 4392, 
f= 1.6364/[In(5(10 7)/0.875 + 6.5/4392)] = 0.0385, 
АР,= 5.385(10 5)(2130)^(32)(0.0385)/0.85(0.875)^ 
= 0.691 psi. 


Expansion and contraction: 


АР, = Ap(u? [2q,) = (53.04) (3.26Y^/ (64.4)(144) = 0.243 psi, 
2 AP wo = 0.691 + 0.243 = 0.934 psi. 


Shellside. Follow Example 8.8: 


D, = 1.2732(1.25/12)?/(1/12) — 1/12 = 0.0824 ft, 
В = 1.25 ft between baffles, 
Е = 0.25/12 ft between tubes, 
D, = 33/12 = 2.75 ft shell diameter, 
A, = 2.75(1.25)(0.25/12)/(1.25/12) = 0.6875 sqft, 
G, = 145,000/0.6875 = 210,909 Ib/(hr)(sqft), 
Re — 0.0824(210,909)/0.4(2.42) — 17,952, 
{= 0.0121(17,952) 9? = 0.00188, 
AP yen = 0.00188(210,909)?(2.75)(13)/5.22(1019)(0.82)(0.0824) 
= 0.85 psi. 


The pressure drops on each side are acceptable. Now it remains 
to check the heat transfer with the equations of Table 8.10 and the 
fouling factors of Table 8.6. 





CONDENSER CONFIGURATIONS 


The several possible condenser configurations will be described. 
They are shown on Figure 8.14. 


Condensation Inside Tubes: Vertical Downflow. Tube dia- 
meters normally are 19-25 mm, and up to 50mm to minimize 
critical pressure drops. The tubes remain wetted with condensate 
which assists in retaining light soluble components of the vapor. 
Venting of noncondensables is positive. At low operating pressures, 
larger tubes may be required to minimize pressure drop; this may 
have the effect of substantially increasing the required heat transfer 
surface. A disadvantage exists with this configuration when the 
coolant is fouling since the shell side is more difficult to clean. 


Condensation Inside Tubes: Vertical Upflow. This mode is 
used primarily for refluxing purposes when return of a hot 
condensate is required. Such units usually function as partial 
condensers, with the lighter components passing on through. Reflux 
condensers usually are no more than 6-10ft long with tube 
diameters of 25mm or more. A possible disadvantage is the 
likelihood of flooding with condensate at the lower ends of the 
tubes. 


Condensation Outside Vertical Tubes. This arrangement 
requires careful distribution of coolant to each tube, and requires a 
sump and a pump for return to a cooling tower or other source 
of coolant. Advantages are the high coolant side heat transfer 


8.8. СОМРЕМЗЕВ$ 205 


Vapor vent 


















































Vapor 
Tubesheet vent 
Tubesheet vent 
Water out 
Water out Special water 
baffle 
e- Water 
Vent 
Vapor 
Impingement 
piate 
Water in 
Water in 
Funnel Packed head 
unne Packed head 
separator 
Slip-on flange 
with split ring м. 
Vapor t a | Stip-on flange 
| i it ri Vent 
vent Baffle plate Vapor — with split ring >. 
separator Condensate Water distributor 
designs 
Water out \ Drain hole 
Alternate head Condensate (plugged) 
Condensate 
(a) (b) (c) 
Water out Vapor Vapor vent 
LU 1! " 

















rji ыт 


Baffle rotated 90% 
(d) 


Water in 


J) 


Condensate Split ring head 


Figure 8.14. Some arrangements of shell-and-tube condensers. (a) Condensate inside tubes, vertical upflow. (b) Inside tubes, vertical 
downflow. (c) Outside tubes, vertical downflow. (d) Condensate outside horizontal tubes. (HEDH, 1983, 3.4.3). 


coefficient and the ease of cleaning. The free draining of condensate 
is a disadvantage with wide range mixtures. 


Condensation Inside Horizontal Tubes. This mode is 
employed chiefly in air coolers where it is the only feasible mode. 
As condensation proceeds, liquid tends to build up in the tubes, 
then slugging and oscillating flow can occur. 


Condensation Outside Horizontal Tubes. Figure 8.14(d) shows 
a condenser with two tube passes and a shell side provided with 
vertically cut baffies that promote side to side flow of vapor. The 
tubes may be controlied partially flooded to ensure desired 
subcooling of the condensate or for control of upstream pressure by 
regulating the rate of condensation. Low-fin tubes often are 
advantageous, except when the surface tension of the condensates 


exceeds about 40 dyn/cm in which event the fins fill up with 
stagnant liquid. The free draining characteristic of the outsides of 
the tubes is a disadvantage with wide condensing range mixtures, as 
mentioned. Other disadvantages are those generally associated with 
shell side fluids, namely at high pressures or high temperatures or 
corrosiveness. To counteract such factors, there is ease of cleaning 
if the coolant is corrosive or fouling. Many cooling waters are scale 
forming; thus they are preferably placed on the tube side. On 
balance, the advantages often outweigh the disadvantages and this 
type of condenser is the most widely used. 


DESIGN CALCULATION METHOD 


Data for condensation are described in Section 8.4 and given in 
Tables 8.4-8.7, and а few additional overall coefficients are in Table 
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Figure 8.15. Model for partial condensation іп the presence of 
uncondensed material: U(T; — Т) = h,(T, — Т) + Ak, (p, — p). 
[A.P. Colburn and О.А. Hougen, Ind. Eng. Chem. 26, "1178-1182 
(1934)]. 


8.12. The calculation of condensation of pure vapors is straight- 
forward. That of mixtures occurs over a range of temperatures 
and involves mass transfer resistance through a gas film as well as 
heat transfer resistance by liquid and fouling films. A model due to 
Colburn and Hougen (1934) is represented by Figure 8.15. The 
overall rate of heat transfer is regarded as the sum of the sensible 
heat transfer through a gas film and the heat of condensation of the 
material transferred by diffusion from the gas phase to the interface. 
The equation of this heat balance is, in terms of the notation of 
Figure 8.15, 

UT, Т) = (T, Т) + Жир, р). (8.37) 
The temperature 7; of the coolant is related to the heat transfer Q 
by 


dQ = m; C, dT, 
or the integrated form 


T; = Tio + AQ/m, C,. (8.38) 
A procedure will be described for taking the vapor from its initial 
dewpoint 7, to its final dewpoint corresponding to the required 
amount of condensation. Gas temperatures are specified at 
intermediate points and the heat balance is applied over one 
interval at a time. 


1. Prepare the condensing curve, a plot of the vapor temperature T, 
against the amount of heat removed Q, by a series of isothermal 
flashes and enthalpy balances. 

2. Starting at the inlet temperature Т.о, specify a temperature Т, а 
few degrees less, and note the heat transfer AQ corresponding to 
this temperature difference from the condensing curve. 

3. Find the temperature Т, of the coolant with Eq. (8.38). 

4. Assume an interfacial temperature 7;, then find the correspond- 
ing vapor pressure p; and latent heat А. 

5. From available correlations, find values of the coefficients hg, kgs 
and U which are temperature- and composition-dependent, 
although they sometimes may be taken as constant over some 
ranges. 

6. Check if these values satisfy the heat balance of Eq. (8.37). If 
not, repeat the process with other estimates of T; until one is 
found that does satisfy the heat balance. 


7. Continue with other specifications of the vapor temperature T,, 
one interval at a time, until the required outlet temperature is 
reached. 

8. The heat transfer area will be found by numerical integration of 


A- f Шор (8.39) 


Examples of numerical applications of this method are in the 
original paper of Colburn and Hougen (1934), in the book of Kern 
(1950, p. 346) and in the book of Ludwig (1983, Vol. 3, p. 116). 


The Silver-Bell-Ghaly Method 


This method takes advantage of the rough proportionality between 
heat and mass transfer coefficients according to the Chilton- 
Colburn analogy, and employs only heat transfer coefficients for the 
process of condensation from a mixture. The sensible heat Q,,, of 
the vapor is transferred through the gas film 

4Q,, = h(T, — Т) dA. (8.40) 
In terms of an overall heat transfer coefficient U that does not 
include the gas film, the total heat transfer От that is made up of 
the latent heat and the sensible heats of both vapor and liquid is 
represented by 

dQ, = ЩТ, — T,) dA. (8.41) 
When the unknown interfacial temperature Т; is eliminated and the 
ratio Z of sensible and total heat transfers 


2-40,/40т (8.42) 
is introduced, the result is 
U(T, — T,) 
Е -А2 
40: = ғр 4А: (8.43) 
which is solved for the heat transfer area as 
2T 1 c ZU[h, 
"E ко: О.т," (8.44) 


Since the heat ratio 27, the temperatures and the heat transfer 
coefficients vary with the amount of heat transfer От up to a 
position in the condenser, integration must be done numerically. 
The coolant temperature is evaluated from Eq. (8.38). Bell and 
Ghaly (1973) examine cases with multiple tube passes. 

The basis of the method was stated by Silver (1947). A 
numerical solution of a condenser for mixed hydrocarbons was 
carried out by Webb and McNaught (in Chisholm, 1980, p. 98); 
comparison of the Silver-Bell-Ghaly result with a Colburn- 
Hougen calculation showed close agreement in this case. Bell and 
Ghaly (1973) claim only that their method predicts values from 0 to 
100% over the correct values, always conservative. A solution with 
constant heat transfer coefficients is made in Example 8.11: A 
recent review of the subject has been presented by McNaught (in 
Taborek et al., 1983, p. 35). 


8.9. REBOILERS 


Reboilers are heat exchangers that are used primarily to provide 
boilup for distillation and similar towers. АП types perform partial 
vaporization of a stream flowing under natural or forced circulation 


EXAMPLE 8.11 

Sizing a Condenser for a Mixture by the Silver- Bell-Ghatly 

Method 
A mixture with initial dewpoint 139.9°C and final bubblepoint 
48.4°С is to be condensed with coolant at a constant temperature of 
27°С. The gas film heat transfer coefficient is 40 W/m? К and the 
overall coefficient is 450. Results of the calculation of the 
condensing curve are 


TÓC) 139.9 121.6 103.3 850 667 484 
Q (W) 0 2154 3403 4325 5153 5995 


In the following tabulation, over each temperature interval are 


10 


со 


integrand x 105 ——+» 


ч 
Г 





0 2000 


conditions. Sketches of а kettle and two types of thermosiphon 
reboilers are in Figure 8.4. Internal reboilers, with a tube bundle 
built into the tower bottom, also have some application. Flow 
through a vertical unit like that of Figure 8.4(f) may be forced with 
a pump in order to improve heat transfer of viscous or fouling 
materials, or when the vaporization is too low to provide enough 
static head difference, or when the tower skirt height is too low. A 
summary guide to the several types of reboilers is in Table 8.14. 


KETTLE REBOILERS 


Kettle reboilers consist of a bundle of tubes in an oversize. shell. 
Submergence of the tubes is assured by an overflow weir, typically 
5—15 ст higher than the topmost tubes. An open tube bundle is 
preferred, with pitch to diameter ratios in the range of 1.5-2. 
Temperature in the kettle is substantially uniform. Residence time 
is high so that kettles are not favored for thermally sensitive 
materials. The large shell diameters make kettles uneconomic for 
high pressure operation. Deentraining mesh pads often are 
incorporated. Tube bundles installed directly in the tower bottom 
are inexpensive but the amount of surface that can be installed is 
limited. 
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shown the average gas temperature, the value of Z, and the value 
of the integrand of Eq. (8.44). The integrand is plotted following. 


Interval 1 2 3 4 5 
(Т 130.75 112.45 9415 7585 574 
2 0.1708 0.1613 0.1303 0.0814 0.0261 


integrand х (10?) 6.26 732 831 871 94 


The heat transfer surface is the area under the stepped curve, which 
is а = 0.454 m?. A solution that takes into account the substantial 
variation of the heat transfer coefficients along the condenser gives 
the result A — 0.385 m? (Webb and McNaught, in Chisholm, 1980, 
p. 98). 





6000 


4000 


HORIZONTAL SHELL SIDE THERMOSIPHONS 


The fraction vaporized in thermosiphon reboilers usually can be 
made less than in kettles, and the holdup is much less. Less static 
head difference is needed as driving force for recirculation in 
comparison with vertical units. Circulation rate can be controlled by 
throttling the inlet line. Because of the forced flow, there is a 
temperature gradient, from the inlet bubblepoint to the exit 
bubblepoint, whereas in a kettle the boiling temperature is more 
nearly uniform, at the exit bubblepoint. Consequently, for the same 
percentage vaporization, the mean temperature difference between 
shell and tube sides will be greater for thermosiphons than for 
kettles. Or for the same mean temperature difference, the per- 
centage vaporization can be made less. Large surface require- 
ments favor horizontal over vertical thermosiphons. Horizontal 
tube bundles are easier to maintain. The usual arguments for 
tube side versus shell side also are applicable. 


VERTICAL THERMOSIPHONS 


Circulation is promoted by the difference in static heads of supply 
liquid and the column of partially vaporized material. The exit 
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TABLE 8.14. A Guide to the Selection of Reboilers 


Kettle or 
Process Conditions Internal 

Operating pressure 

Moderate E 

Near critical B-E 

Deep vacuum B 
Design AT 

Moderate E 

Large B 

Small (mixture) F 

Very small (pure component) B 
Fouling 

Clean G 

Moderate Rd 

Heavy P 

Very heavy P 
Mixture boiling range 

Pure component G 

Narrow G 

Wide F 

Very wide, with viscous liquid F-P 





Reboiler Type 


Horizontal Vertical 
Shell-Side Tube-Side Forced 
Thermosiphon Thermosiphon Flow 

G B E 
R Rd E 
R Rd E 
G B E 
R G-Rd E 
F Rd P 
F P P 
G G E 
G B E 
Rd B G 
P Rd B 
G G E 
G B E 
G B E 
G-Rd P B 


а Category abbreviations: B, best; С, good operation; Е, fair operation, but better choice is 
possible; Rd, risky unless carefully designed, but could be best choice in some cases; R, risky 
because of insufficient data; P, poor operation; E, operable but unnecessarily expensive. 


(HEDH, 1983, 3.6.1). 


weight fraction vaporized should be in the range of 0.1-0.35 for 
hydrocarbons and 0.02-0.10 for aqueous solutions. Circulation may 
be controlled with a valve in the supply line. The top tube sheet 
often is placed at the level of the liquid in the tower. The flow area 
of the outlet piping commonly is made the same as that of all the 
tubes. Tube diameters of 19-25 mm diameter are used, lengths up 
to 12ft or so, but some 20 ft tubes are used. Greater tube lengths 
make for less ground space but necessitate taller tower skirts. 

Maximum heat fluxes are lower than in kettle reboilers. 
Because of boiling point elevations imposed by static head, vertical 
thermosiphons are not suitable for low temperature difference serv- 
ices. 

Shell side vertical thermosiphons sometimes are applied when 
the heating medium cannot be placed on the shell side. 


FORCED CIRCULATION REBOILERS 


Forced circulation reboilers may be either horizontal or vertical. 
Since the feed liquid is at its bubblepoint, adequate NPSH must be 
assured for the pump if it is a centrifugal type. Linear velocities in 
the tubes of 15-20 Ё/зес usually are adequate. Тһе main 
disadvantages are the costs of pump and power, and possibly severe 
maintenance. This mode of operation is a last resort with viscous or 
fouling materials, or when the fraction vaporized must be kept low. 


CALCULATION PROCEDURES 


Equations for boiling heat transfer coefficients and maximum heat 
fluxes are Eqs. (37) through (48) of Table 8.10. Estimating values 
are in Tables 8.4-8.7. Roughly, boiling coefficients for organics аге 
300 Btu/(hr)(sqft)(°F), or 1700 W/m? Қ; and for aqueous solutions, 
1000 Btu/(hr)(sqft)CF), or 5700 W/m?K. Similarly, maximum 
fluxes are of the order of 20,000 Btu/(hr)(sqft), or 63,000 W/m’, for 
organics; and 35,000 Btu/(hr)(sqft) or 110,000 W/m’, for aqueous 
systems. 


Тһе design procedure must start with a specific geometry and 
beat transfer surface and a specific percentage vaporization. Then 
the heat transfer coefficient is found, and finally the required area is 
calculated. When the agreement between the assumed and 
calculated surfaces is not close enough, the procedure is repeated 
with another assumed design. The calculations are long and tedious 
and nowadays are done by computer. 

Example 8.12 summarizes the results of such calculations made 
on the basis of data in Heat Exchanger Design Handbook (1983). 
Procedures for the design of kettle, thermosiphon and forced 
circulation reboilers also are outlined by Polley (in Chisholm, 1980, 
Chap. 3). 


8.10. EVAPORATORS 


Evaporators employ heat to concentrate solutions or to recover 
dissolved solids by precipitating them from saturated solutions. 
They are reboilers with special provisions for separating liquid and 
vapor phases and for removal of solids when they are precipitated 
or crystallized out. Simple kettle-type reboilers [Fig. 8.4(d)] may be 
adequate in some applications, especially if enough freeboard is 
provided. Some of the many specialized types of evaporators that 
are in use are represented on Figure 8.16. The tubes may be 
horizontal or vertical, long or short; the liquid may be outside or 
inside the tubes, circulation may be natural or forced with pumps or 
propellers. 

Natural circulation evaporators [Figs. 18.16(a)-(e)] are the 
most popular. The forced circulation type of Figure 18.16(f) is most 
versatile, for viscous and fouling services especially, but also the 
most expensive to buy and maintain. In the long tube vertical 
design, Figure 8.16(d), because of vaporization the liquid is in 
annular or film flow for a substantial portion of the tube length, and 
accordingly is called a rising film evaporator. In falling film 
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EXAMPLE 8.12 

Comparison of Three Kinds of Reboilers for the Same Service Quantity Kettle Horizontal TS Vertical TS 
The service is reboiling a medium boiling range hydrocarbon Ж 
mixture at 10айп with a duty of 14,600 КҰ. Тһе designs are а то, к" а 
calculated іп HEDH (1983, 3.6.5) and are summarized here. тре GB Gat as i E 

In each case a specific geometry and surface are assumed; then Tube ID (mm) xm ра 212 
the heat transfer coefficients are evaluated, and the area is checked. Vaporization (96) 30 25 25 
When agreement between assumed and calculated areas is not U (W/m? K) 674 674 928 
close, another design is assumed and checked. (AT), 25 44.8 44.8 

Of the three sets of calculations summarized here, only that for Calculated area (m?) 866 483 350 
the kettle need not be repeated. Both the others should be repeated Calculated 4 (W/ m^) 16,859 30,227 41,174 
since the assumed designs are too conservative to be economical. тех W/m") Ez = 67,760 

160 С, 30% уар. 150С я 
25% уар 25% уар 
190 С 
190 С 
190 С 
190 С 190 С 
190 с , 
140C 165 C 140С 
Kettle reboiler Horizontal Vertical 
thermosiphon thermosiphon 





evaporators, liquid is distributed to the tops of the individual tubes 
and flows down as a film. The hydrostatic head is eliminated, the 
pressure drop is little more than the friction of the vapor flow, and 
heat transfer is excellent. Since the contact time is short and 
separation of liquid and vapor is virtually complete, falling film 
evaporation is suitable for thermally sensitive materials. 

Long tube vertical evaporators, with either natural or forced 
circulation are the most widely used. Tubes range from 19 to 63 mm 





diameter, and 12-30 ft in length. The calandria of Figure 8.16(b) 
has tubes 3—5 ft long, and the central downtake has an area about 
equal to the cross section of the tubes. Sometimes circulation in 
calandrias is forced with built in propellors. In some types of 
evaporators, the solids are recirculated until they reach a desired 
size. In Figure 8.16(f), fresh feed is mixed with the circulating 
slurry. In Figure 8.16(g) only the clear liquid is recirculated, and 
small more nearly uniform crystals are formed. 





Figure 8.16. Some types of evaporators. (a) Horizontal tube. (b) Calandria type. (c) Thermocompressor evaporator. (d) Long tube vertical. 
(e) Falling film. (f) Forced circulation evaporator-crystallizer. (g) Three types of “Oslo/Krystal” circulating liquid evaporator-crystallizers. 
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Figure 8.16—(continued) 
THERMAL ECONOMY achieved. Jet compressor thermal efficiencies are 20-30%. А 


Thermal economy is a major consideration in the design and 
operation of evaporators. This is improved by operating several 
vessels in series at successively lower pressures and utilizing vapors 
from upstream units to reboil the contents of downstream units. 
Figure 8.17 shows such arrangements. Thermal economy is ex- 
pressed as a ratio of the amount of water evaporated in the 
complete unit to the amount of external steam that is supplied. For 
a single effect, the thermal economy is about 0.8, for two effects it is 
1.6, for three effects it is 2.4, and so on. Minimum cost usually is 
obtained with eight or more effects. When high pressure steam is 
available, the pressure of the vapor can be boosted with a steam jet 
compressor [Fig. 8.16(c)] to a usable value; in this way savings of 
one-half to two-thirds in the amount of external steam can be 


possible drawback is the contamination of condensate with 
entrainment from the evaporator. When electricity is affordable, the 
pressure of the vapor can be boosted mechanically, in compressors 
with efficiencies of 70-75%. 

Because of the elevation of boiling point by dissolved solids, 
the difference in temperatures of saturated vapor and boiling 
solution may be 3-10?F which reduces the driving force available 
for heat transfer. In backward feed [Fig. 8.17(b)] the more 
concentrated solution 15 heated with steam at higher pressure which 
makes for lesser heating surface requirements. Forward feed under 
the influence of pressure differences in the several vessels requires 
more surface but avoids the complications of operating pumps 
under severe conditions. 

Several comprehensive examples of heat balances and surface 
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Figure 8.17. Forward and backward of liquid flow with respect to 
steam flow in triple-effect evaporators. (a) Forward flow of liquid by 
action of pressure differences in the vessels. (Б) Backward-pumped 
flow of liquid through the vessels. 


requirements of multiple effect evaporation are worked out by Kern 
(1950). 


SURFACE REQUIREMENTS 


The data of Tables 8.4-8.7 and particularly 8.10 for boiling liquids 
are applicable to evaporators when due regard is given the more 
severe fouling that can occur. For example, cases have been cited in 
which fouling presents fully half the resistance to heat transfer in 
evaporators. Some heat transfer data specifically for evaporators are 
in Figure 8.18. Forced circulation and falling film evaporators have 
the higher coefficients, and the popular long tube vertical, some- 
what poorer performance. 

With such data, an estimate can be made of a possible 
evaporator configuration for a required duty, that is, the diameter, 
length, and number of tubes can be specified. Then heat transfer 
correlations can be applied for this geometry and the surface 
recalculated. Comparison of the estimated and calculated surfaces 
will establish if another geometry must be estimated and checked. 
This procedure is described in Example 8.12. 
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High process temperatures are obtained by direct transfer of heat 
from the products of combustion of fuels. Maximum flame 
temperatures of hydrocarbons burned with stoichiometric air are 
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Figure 8.18. Overall heat transfer coefficients in some types of 
evaporations. (a) Water and sugar juice evaporators; (b) Sea water 
evaporators. [F.C. Standiford, Chem. Eng., 157-176 (9 Dec. 
1963)]. 


about 3500?F. Specific data are cited by Hougen, Watson, and 
Ragatz (Chemical Process Principles, Vol. I, Wiley, New York, 
1954, p. 409) and in Marks Mechanical Engineers Handbook, (1978, 
p. 4.57). With excess air to ensure complete combustion the 
temperatures are lower, but still adequate for the attainment of 
process temperatures above 2000°Е when necessary. Lower temper- 
atures are obtained with heat transfer media such as those of Table 
8.2 which arc in turn serviced in direct-fired heaters. 


DESCRIPTION OF EQUIPMENT 


In fired heaters and furnaces, heat is released by combustion of 
fuels into an open space and transferred to fluids inside tubes which 
are ranged along the walls and roof of the combustion chamber. 
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The heat is transferred by direct radiation and convection and also 
by reflection from refractory walls lining the chamber. 

Three zones arc identified in a typical heater such as that of 
Figure 8.19(a). In the radiant zone, heat transfer is predominantly 
(about 90%) by radiation. The convection zone is “ош of sight" of 
the burners; although some transfer occurs by radiation because the 
temperature still is high enough, most of the transfer here is by 
convection. Тһе application of extended surfaces permits 
attainment of heat fluxes per unit of bare surface comparable to 
those in the radiant zone. Shield section is the name given to the 
first two rows or so leading into the convection section. On balance 
these tubes receive approximately the same heat flux as the radiant 
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tubes because the higher convection transfer counteracts the lesser 
radiation due to lack of refractory wall backing. Accordingly, shield 
tubes are never finned. 

The usual temperature of flue gas entering the shield section 
is 1300-1650°F and should be 200-300°F above the process 
temperature at this point. The proportions of heat transferred in the 
radiant and convection zones can be regulated by recirculation of 
hot flue gases into the radiant zone, as sketched on Figure 8.19(b). 
Such an operation is desirable in the thermal cracking of 
hydrocarbons, for instance, to maintain a proper temperature 
profile; a negative gradient may cause condensation of polymeric 
products that make coke on the tubes. Multiple chambers as in 
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Figure 8.19. Somc types of process fired heaters (See also Fig. 17.16 for a radiation panel heater). (a) Radiant, shield, and convection 
sections of a box-type heater. (b) Heater with a split convection section for preheating before and soaking after the radiant section (Lobo and 
Evans, 1939). (c) Vertical radiant tubes іп a cylindrical shell. (d) Two radiant chambers with a common convection section. 


Figure 8.19(d) also provide some flexibility. In many operations, 
about 75% of the heat is absorbed in the radiant zone of a fired 
heater. 

Horizontal tube supports are made of refractory steel to 
withstand the high temperatures. Hangers for vertical tubes make 
for a less expensive construction per unit of tube surface. Furnaces 
are lined with shaped light weight refractory brick 5-8 т. thick. A 
lin. layer of insulating brick is placed between the lining and the 
metal shell. 

Differences of opinion exist among designers with respect to 
housing shapes and tube arrangements. Nelson (Petroleum Refinery 
Engineering, McGraw-Hill, New York, 1958, p. 587), for example, 
describes a dozen types. The most common are cylindrical shells 
with vertical tubes and cabin or box types with horizontal tubes. 
Figures 8.19 and 17.16 are of typical constructions. Convection 
zones are most commonly at the top. Process fluid goes first through 
the convection section and usually leaves the radiant tubes at the 
top, particularly when vaporization occurs in them. In the more 
complex flow pattern of Figure 8.19(b), some of the convection 
tubes are used for preheat and the remainder to maintain the 
process fluid at a suitable reaction temperature that was attained in 
the radiant tubes. Some of the convection zone also may be used for 
steam generation or superheating or for other heat recovery services 
in the plant. 

Capacities of 10-200 MBtu/hr can be accommodated in heaters 
with single radiant chambers, and three to four chambers with a 
common convection section are feasible. Stoichiometric combustion 
air requirements of typical fuels are tabulated: 


Combustion Air 


LHV 
Fuel (Btu /16) Ib/Ib №/1000 Btu 
Methane 21,500 17.2 0.800 
Propane 19,920 15.2 0.763 
Light fuel oil 17,680 14.0 0.792 
Heavy fuel oil 17,420 13.8 0.792 
Anthracite 12,500 4.5 0.360 


Burners may be located in the floor or on the ends of the 
heaters. Liquid fuels are atomized with steam or air or 
mechanically. A particularly effective heater design is equipped with 
radiant panel (surface combustion) burners, illustrated in Figure 
17.16(a), (b). The incandescent walls are located 2-3 ft from the 
tubes. The furnace side of the panel may reach 2200°F whereas the 
outer side remains at 120°F because of continual cooling by the 
air-gas mixture. Radiant panel burners require only 2-5% excess 
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air compared with 10-20% for conventional burners. Heaters 
equipped with radiant panels cost more but provide better control 
of temperatures of reactions such as pyrolysis of hydrocarbons to 
ethylene for instance. 

Distances between tube banks are of the order of 20 ft or so. A 
rough guide to box size is about 4cuft/sqft of radiant transfer 
surface, but the ultimate criterion is sufficient space to avoid 
impingement of flames on the tubes. Some additional notes on 
dimensions are stated with the design procedure of Table 8.18. 

Tubes are mounted approximately one tube diamcter from the 
refractory walls. Usual center-to-center spacing is twice the outside 
tube diameter. Wider spacings may be employed to lower the ratio 
of peak flux at the front of the tube to the average flux. For single 
rows of tubes, some values of these ratios are 


Center-to-center/diameter 1 15 2 25 3 
Max flux/avg flux 3.1 22 18 15 12 


Less is gained by extending the ratio beyond 2.0. Excessive fluxes 
may damage the metal or result in skin temperatures that are 
harmful to the process fluid. 

A second row of tubes on triangular spacing contributes only 
about 25% of the heat transfer of the front row. Accordingly, new 
furnaces employ only the more economical one-row construction. 
Second rows sometimes are justifiable on revamp of existing 
equipment to marginally greater duty. 


HEAT TRANSFER 


Performance of a heater is characterized by the average heat flux in 
the radiant zone and the overall thermal efficiency. Heat fluxes of 
representative processes are listed in Table 8.15. Higher fluxes 
make for a less expensive heater but can generate high skin 
temperatures inside and out. Thermal sensitivity of the process 
fluid, the strength of the metal and its resistance te corrosion at 
elevated temperatures are factors to be taken into account in 
limiting the peak flux. Because of the refractory nature of water, 
however, allowable fluxes in steam boilers may reach 130,000 Btu/ 
(hr)(sqft), in comparison with a maximum of about 20,000 in hydro- 
carbon service. Example 8.13 is a study of the effect of tube spacing 
on inside film peak temperatures. 

A certain amount of excess air is needed to ensure complete 
combustion. Typical minimum excess requirements are 10% for 
gaseous fuels and 15-20% for liquids. Radiant panel burners may 
get by with 2-5% excess air. 

Efficiency is the ratio of total heat absorbed in radiant, 


TABLE 8.15. Typical Radiant Fluxes and Process Temperatures 


Service 


Atmospheric crude hgaters 

Reboilers 

Circulating oil heaters 

Catalytic reformer change and reheat 
Delayed coking heater 

Visbreaker heaters—heating section 
Soaking section 

Lube vacuum heaters 


Hydrotreater and hydrocracker charge heaters 


Catalytic-cracker feed heaters 
Steam superheaters 

Natura! gasoline plant heaters 
Ethylene and propylene synthesis 


Average Radiant Rate 


(Btu/hr/ft2) Temperature 
(Based on OD) (°F} 
10,000-14,000 400—700 
10,000— 12,000 400-550 

8000-11,000 600 

7500-12,000 800-1000 
10,000—11,000 925 

9000-10,000 700—950 

6000-7000 950 
7500-8500 850 
10,000 700-850 

10,000-11,000 900-1050 

9000-13,000 700-1500 
10,000—12,000 — 
10,000-15,000 1300-1650 
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EXAMPLE 8.13 

Peak Temperatures 
An average flux rate is 12,000 Btu/(hr)(sqft) and the inside film 
coefficient is 200 Btu/(hr)(sqft)CF). At the position where the 
average process temperature is 850°F, the peak inside film 
temperature is given by T = 850 + 12,000°R/200. At the several 


convection, and heat recovery sections of the heater to the heat 
released by combustion. The released heat is based on the lower 
heating value of the fuel and ambient temperature. With standard 
burners, efficiencies may be in the range 60-80%; with radiant 
panels, 80-82%. Within broad limits, any specified efficiency can be 
attained by controlling excess air and the extent of recovery of 
waste heat. 

An economical apportionment of heat absorption between the 
radiant and convection zones is about 75% in the radiant zone. This 
can be controlled in part by recirculation of flue gases into the 
radiant chamber, as shown in Figure 8.19(b). 

Because of practical limitations on numbers and possible 
locations of burners and because of variations in process 
temperatures, the distribution of radiant flux in a combustion 
chamber is not uniform. In many cases, the effect of such 
nonuniformity is not important, but for sensitive and chemically 
reacting systems it may need to be taken into account. А method of 
estimating quickly a flux distribution in a heater of known 
configuration is illustrated by Nelson (1958, p. 610). A desired 
pattern can be achieved best in a long narrow heater with a 
multiplicity of burners, as on Figure 17.16 for instance, or with a 
multiplicity of chambers. А procedure for design of a plug flow 
heater is outlined in the Heat Exchanger Design Handbook (1983, 
3.11.5). For most practical purposes, however, it is adequate to 
assume that the gas temperature and the heat flux are constant 
throughout the radiant chamber. Since the heat transfer is 
predominantly radiative and varies with the fourth power of the 
absolute temperature, the effect of even substantial variation in 
stock temperature on flux distribution is not significant. Example 
8.14 studies this problem. 


DESIGN OF FIRED HEATERS 


The design and rating of a fired heater is a moderately complex 
operation. Here only the completely mixed model will be treated. 
For this reason and because of other generalizations, the method to 
be described affords only an approximation of equipment size and 
performance. Just what the accuracy is, it is hard to say. Even the 
relatively elaborate method of Lobo and Evans (1939) is able to 
predict actual performance only within а maximum deviation of 
16%. 





EXAMPLE 8.14 

Effect of Stock Temperature Variation 
A combustion chamber is at 2260^R, a stock enters at 1060°R and. 
leaves at 1360°R. Accordingly, the heat fluxes at the inlet and outlet 
are approximately in the ratio (2.26“- 1.065)/2.26* — 1.36%) = 
1.095. The small effect of even greater variation in flux on a mild 
cracking operation is illustrated in Figure 8.22. 





tube spacings the peak temperatures are: 


Center-to-center/diameter 1 1.5 2 25 3 
Peak (°F) 1036 982 958 948 9.22 


For heavy liquid hydrocarbons the upper limit of 950°F often is 
adopted. 


Pertinent equations and other relations are summarized in 
Table 8.16, and a detailed stepwise procedure is listed in Table 
8.17. A specific case is worked out in detail in Example 8.15. 
Basically, a heater configuration and size and some aspects of the 
performance are assumed in advance. Then calculations are made 
of the heat transfer that can be realized in such equipment. 
Adjustments to the design are made as needed and the process 
calculations repeated. Details are given in the introduction to 
Example 8.16. Figures 8.20, 8.21, and 8.22 pertain to this example. 
Some of the approximations used here were developed by 
Wimpress (1963); his graphs were converted to equation form for 
convenience. Background and more accurate methods are treated 
notably by Lobo and Evans (1939) and more briefly by Kern (1950) 
and Ganapathy (1982). Charts of gas emissivity more elaborate than 
Figure 8.23 appear in these references. 

An early relation between the heat absorption Q in a radiant 
zone of a heater, the heat release Q the effective surface А’, and 
the air/fuel ratio R Ib/Ib is due to Wilson, Lobo, and Hottel [Ind. 
Eng. Chem. 24, 486, (1932)]: 

Q,IQ =1 + (R/4200) VQ, А, . (8.45) 
Although it is a great simplification, this equation has some utility in 
appraising directional effects of changes in the variables. Example 
8.16 considers changes in performance with changes in excess air. 

Heat transfer in the radiant zone of a fired heater occurs largely 
by radiation from the flue gas (9096 or so) but also significantly by 
convection. The combined effect is represented by 

ОГА - h(T] — T2) (Т, Т), (8.46) 
where Т, and T, are absolute temperatures of the gas and the 
receiving surface. The radiative properties of a gas depend on its 
chemical nature, its concentration, and the temperature. In the 
thermal range, radiation of flue gas is significant only from the 
triatomic molecules Н,О, СО», and SO,, although the amount of 
the last is small and usually neglected. With fuels having the 
composition C,H;,, the ratio of partial pressures is Pj, o/p co, = 1. 
In Figure 8.23, the emissivity of such a gas is represented as a 
function of temperature and the product PL of the partial pressures 
of water and carbon dioxide and the path of travel defined by the 
mean beam length. Item 8 of Table 8.16 is a curve fit of such data. 

When other pertinent factors are included and an approxima- 
tion is introduced for the relatively minor convection term, the heat 
transfer equation may be written 

О/аА,,Е = 1730[(Т,/1000)* — (7,/1000)*] + 7(7, — 7;). (8.47) 
Here the absorptivity depends on the spacing of the tubes and is 
given by item 5 of Table 8.16. The cold plane area A,, is the 
product of the number of tubes by their lengths and by the 
center-to-center spacing. The combination wA,, is equal to the area 
of an ideal black plane that has the same absorptivity as the tube 
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TABLE 8.16. Equations and Other Relations for Fired Heater Design 


1. Radiant zone heat transfer 


а, т, +4604 /T, +460\4 
я v» ( E ) -( t >) |+, -т) 
АН 1000 100 








2. Radiant zone heat balance 





Op 0, ( 9,9 0 2) 
«АЕ aAgFM 0, 0, 0, О, 


Ор is the enthalpy absorbed т the radiant zone, О, is the enthalpy of the entering air, О, 
that of the entering fuel, Q, is the entbalpy loss to the surroundings, Q, is the enthalpy of 
the gas leaving the radiant zone; Q, and О, are neglected if there is по preheat, and 
Q,/Q, is about 0.02—0.03; О, is the total enthalpy released in the furnace 

3. Enthalpy Q,, of the stack gas, given by the overall heat balance 


0, /0,, =1+ (1а, ха, + а, ~ а, т Оң ~ Qeonvection! 
4. Enthalpy Q, of the flue gas as a function of temperature, °F 


Q,/Q, = [a + b(T/1000 — 0.1)1(7/1000 — 0.1) 
2= fraction excess air 
a= 0.22048 — 0.350272 + 0.92344z? 
b= 0.016086 + 0.293932 — 0.48139z? 


5. Absorptivity, а, of the tube surface with a single row of tubes 





a = 1 — [0.0277 + 0.0927(х — 1)](х — 1) 
х = (center-to-center spacing)/(outside tube diameter) 





6. Partial pressure of CO; + H;O 


P — 0.288 — 0.229х + 0.090x? 
x — fraction excess air 


7. Mean beam lengths £ of radiant chambers 


Dimensional Ratio? 


Rectangular Furnaces Mean Length 4 (ft) 

1. 1-1-1 to 1-1-3 2/3 Vfurnace volume, (ft?) 
1-2-1 to 1-2-4 

2. 1-1-4 to 1-1-» 1.0 x smallest dimension 

3. 1-2-b to 1-2-8 1.3 x smallest dimension 

4. 1-3-3 to 1-х- 1.8 x smallest dimension 

Cylindrical Furnaces 

5 аха 2/3 diameter 

6. dx2dto d x æd 1 X diameter 


"Length, width, height in any order. 
8. Emissivity $ of the gas (see also Fig. 8.20). 


$= a + ЫРИ + c(PLY. 

PL = product of the partial pressure (6) and the mean beam length (7) 
z= (T, + 460)/1000 

a= 0.47916 — 0.198472 + 0.022569z? 

b — 0.047029 + 0.06992 — 0.015282? 

c= 0.000803 — 0.007262 + 0.00159727 





9. Exchange factor Ғ 


F=a+bọ+ сф? 

ф = gas emissivity, (8) 

>= А,„ЇаАр 

а= 0.00064 + 0.05912 + 0.0010122 
b= 1.0256 + 0.49082 — 0.05822 
с= —0.144 — 0.5522 + 0.04022 
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TABLE 8.16—(contínued) 


10. 


11. 


Overall heat transfer coefficient U, in the convection zone 


U, = (a + bG + сб°}(4.5/а)°?° 


С = flue gas flow rate, Ib/(sec)(sqft open cross section) 
d — tube outside diameter, (in.) 


z= T,/1000, average outside film temperature 
а= 2.461 — 0.7592 + 1.6252? 

b = 0.7655 + 21.3732 — 9.662522 

c= 9.7938 — 30.8092 + 14.3332? 


Flue gas mass rate б, 





1006, _ [540 + 8.0х, with fuel ой 
1822-4 7.78x, with fuel gas 


| Ib/MBtu heat release 
Q, 
x — fraction excess air 





TABLE 8.17. Procedure for the Rating of a Fired Heater, Utilizing the Equations of 


> 


ч 


10. 


11. 


12. 


13. 
, The cold plane area is 


15. 


16. 


17. 


18. 


Table 8.16 


. Choose a tube diameter corresponding to a cold oil velocity of 5-6 ft/sec 
. Find the ratio of center-to-center spacing to the outside tube diameter. Usually this is 


determined by the dimensions of available return bends, either short or long radius 


. Specify the desired thermal efficiency. This number may need modification after the 


corresponding numbers of tubes have been found 


, Specify the excess combustion air 
, Calculate the total heat absorbed, given the enthalpies of the inlet and outlet process 


Streams and the heat of reaction 


, Calculate the corresponding heat release, (heat absorbed)/efficiency 
, Assume that 75% of the heat absorption occurs in the radiant zone. This may need to be 


modified later if the design is not entirely satisfactory 


. Specify the average radiant heat flux, which may be in the range of 8000- 


20,000 Btu/(hr)isaft). This value may need modification after the calculation of Step 28 
has been made 


. Find the needed tube surface area from the heat absorbed and the radiant flux. When a 


process-side calculation has been made, the required number of tubes will be known and 
will not be recalculated as stated here 

Take a distance of about 20 ft between tube banks. À rough guide to furnace dimensions 
is a requirement of about 4 cuft/sqft of radiant transfer surface, but the ultimate criterion 
is sufficient space to avoid flame impingement 

Choose a tube length between 30 and 60 ft or so, so as to make the box dimensions 
roughly comparable. The exposed length of the tube, and the inside length of the furnace 
shell, is 1.5 ft shorter than the actual length 

Select the number of shield tubes between the radiant and convection zones so that the 
mass velocity of the flue gas will be about 0.3-0.4 Ib/(sec)(saft free cross section). 
Usually this will be also the number of convection tubes per row 


The convection tubes usuaily are finned 
Asp = (exposed tube length)(center-to-center spacing) 
(number of tubes exclusive of the shield tubes) 


The refractory area А,, is the inside surface of the shell minus the cold plane area A,, of 
Step 14 


A, = 2IW(H + L) + HX L] А, 
where W, H, and L are the inside dimensions of the shell 
The absorptivity а is obtained from Eq. (5) when only single rows of tubes are used. For 
the shield tubes, а = 1 
The sum of the products of the areas and the absorptivities in the radiant zone is 
«Ан = Аа + аА, 


For the box-shaped shell, the mean beam length L is approximated Бу 


2 1/3 
= (furnace volume) 
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TABLE 8.17—(continued) 


19. 
20. 
21. 


22. 


23. 


24. 
25. 


26. 


27. 


28. 


30. 
31. 


32. 


. Choose the spacing of the convection tubes so 


The partial pressure P of СО, + H30 is given in terms of the excess air by Eq. 16} 

The product PL is found with the results of Steps 18 and 19 

The mean tube wall temperature 7, in the radiant zone is given in terms of the inlet and 
outlet process stream temperatures Бу 


Т, = 100 + 0,5(7, + 7.) 
The temperature T, of the gas leaving the radiant zone is found by combining the 


equations of the radiant zone heat transfer [Eq. (1)] and the radiant zone heat balance (Еп. 
(2)). With the approximation usually satisfactory, the equality is 


Q T, + 460^ /71-460^ 
a) = 1730| (^ ) ( t ) [т - T) 
О, 1000 1000 ° 


a, 
аАҺЕ 








( -0.02 


The solution of this equation involves other functions of 7,, namely, the emissivity ф Бу 
Eq. (8), the exchange factor F by Eq. (9) and the exit enthalpy ratio Q,/Q, by Eq. (4) 

The four relations cited in Step 22 are solved simultaneously by trial to find the 
temperature of the gas. Usually it is in the range 1500—1800?F. The Newton-Raphson 
method is used in the program of Table 8.18. Alternately, the result can be obtained by 
interpolation of a series of hand calculations 

After Ty has been found, calculate the heat absorbed Q, by Eq. (1) 

Find the heat flux 


Q/A = On l А адалт 


and compare with value specified т Step 8. If there is too much disagreement, repeat the 
calculations with an adjusted radiant surface area 

By heat balance over the convection zone, find the inlet and outlet temperatures of the 
process stream 

The enthalpy of the flue gas is given as a function of temperature by Eq. (4). The 
temperature of the inlet to the convection zone was found in Step 23. The enthalpy of the 
stack gas is given by the heat balance [Eq. (3)], where all the terms on the right-hand side 
are known. Q,/Q, is given as a function of the stack temperature 7, by Eq. (4). That 
temperature is found from this equation by trial 

The average temperature of the gas film in the convection zone is given in terms of the 
inlet and outiet temperatures of the process stream and the flue gas approximately by 





(тат Tl Ce To] 
T= 08] т, Tio ett = ТЫТ, To] 
The flow is countercurrent 
that the mass velocity is 
G = 0.3-0.4 Ib/(sec)(sqft free cross section). Usually this spacing is the same as that of 
the shield tubes, but the value of G will not be the same if the tubes are finned 
The overall heat transfer coefficient is found with Eq. (10) 
The convection tube surface area is found by 


A, = 0,/0, (LMTD) 


and the total length of bare of finned tubes, as desired, by dividing A, by the effective 
area per foot 

Procedures for finding the pressure drop on the flue gas side, the draft requirements and 
other aspects of stack design are presented briefly by Wimpress. 





[Based partly on the graphs of Wimpress, Hydrocarbon Process. 42(10), 115—126 (1963]]. 





EXAMPLE 8.15 

Design of a Fired Heater 
Тһе fuel side of a heater used for mild pyrolysis of a fuel oil will be 
analyzed. The flowsketch of the process is shown in Figure 8.20, 
and the tube arrangement finally decided upon is in Figure 8.21. 
Only the temperatures and enthalpies of the process fluid are 
pertinent to this aspect of the design, but the effect of variation of 
heat flux along the lergth of the tubes on the process temperature 


and conversion is shown in Figure 8.22. In this case, the substantial 
differences in heat flux have only a minor effect on the process 
performance. 

Basic specifications on the process are the total heat release 
(102.86 MBtu/hr), overall thermal efficiency (75%), excess air 
(25%), the fraction of the heat release that is absorbed in the 
radiant section (75%), and the heat flux (10,000 Btu/(hr)(sqft). 

In the present example, the estimated split of 75% and a 
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EXAMPLE 8.15—(continued) 


radiant rate of 10,000 lead to an initial specification of 87 tubes, but 
90 were taken. The final results are quite close to the estimates, 
being 77.196 to the radiant zone and 9900 Btu/(hr)(sqft) with 90 
tubes. If the radiant rate comes out much different from the desired 
value, the number of tubes is changed accordingly. 

Because of the changing temperature of the process stream, the 
heat flux also deviates from the average value. This variation is 
estimated roughly from the variation of the quantity 


В = 1730(T2 — T) +7.0(Т, — 7;), 


where the gas temperature T, in the radiant zone is constant and 
Т, is the temperature of the process stream, both іп °R. In 
comparison with the average flux, the effect is a slightly increased 
preheat rate and a reduced flux in the reaction zone. The inside skin 
temperature also can be estimated on the reasonable assumptions of 
heat transfer film coefficients of more than 100 before cracking 
starts and more than 200 at the outlet. For the conditions of this 
example, with Q/A=9900 and Т, =2011°R, these results are 
obtained: 


TOF) р/р, В Тағ F) 
547 1.093 >100 <655 
724 1 >100 <823 
900 1.878 >200 <943 


The equation numbers cited following are from Table 8.16. The 
step numbers used following are the same as those in Table 8.17: 


1. Flow rate — 195,394/3600(0.9455)(62.4) — 0.9200 cfs, 
velocity = 5.08 fps іп 6-5/8 in. OD Schedule 80 pipe. 

. Short radius return bends have 12 in. center-to-center. 

д = 0.75. 

. Fraction excess air = 0.25. 

. From (һе АРІ data book and a heat of cracking of 
332 Btu/(lb gas + gasoline): 


Uv Ot 


Hovo = 0.9(590) + 0.08(770) + 0.02(855) = 609.6 Btu/lb, 
О.о = 195,394(609.6 — 248) + 19,539(332) = 77.14(E6). 
6. Heat released: 


Qn = 77.14/0.75 = 102.86(E6) Btu/Ib. 


7. Radiant heat absorption: 
Ок = 0.75(77.14)(Е6) = 57.86(Е6). 


8. (Q/A) rad = 10,000 Btu/(hr)(sqft), average. 
9, Radiant surface: 


А = 57.86(Е6)/10,000 = 5786 sqft. 


11. Tube length = 5786/1.7344 = 3336 ft; 40 foot tubes have an 
exposed length of 38.5 ft; М = 3336/38.5 = 86.6, say 92 
radiant tubes. 

12. From Eq. (11) the flue gas rate is 


С, = 102.85(1020) = 104,907 lb/hr. 


With four shield tubes, equilateral spacing and 3 in. distance 
to walls, 


__ 104,907(12) _ А 

= 3600(38.5)(27.98) = 0.325 Ib/sec sqft. 

13. The 90 radiant tubes are arranged as shown on Figure 8.22: 
4 shields, 14 at the ceiling, and 36 on each wall. Dimensions 
of the shell are shown. 

14. А, = (38.5)(1)(90 — 4) = 3311 зай. 

15. Inside surface of the shell is 


+ 


A, = 2[20(37 + 38.5) + 37(38.5)] = 5869 sqft. 
Refractory surface, 
A,, = 5869 — 3311 = 2558 sqft. 
16. (Center-to-center)/OD = 12/6.625 = 1.81, 
@ = 0.917, single rows of tubes (Ед. (5)]. 


17. Effective absorptivity: 


«Ак = 4(38.5)(1) + 0.917(3311) = 3190 sqft, 
А„/ «A, = 2558/3190 = 0.8018. 


18. Mean beam length: 

L = (2/3)(20 x 37 x 38.5)? = 20.36. 
19. From Eq. (6), with 25% excess air, 

P =0.23. 
20. PL = 0.23(20.36) = 4.68 atm ft. 


21. Mean tube wall temp: The stream entering the radiant 
section has absorbed 25% of the total heat. 


H, = 248 + 0.25(77.14)(Е6)/195,394 = 346.7, 
T, = 565°Е, 
T, = 100 + (565 + 900)/2 = 832.5. 


22—24. Input data are summarized as: 


PL = 4.68, 
D, = 0.8018, 
D,- 0.25, 
T, = 832.5, 
О, = Q,/aAg = 102.86(E6)/3190 = 32,245. 


From program *FRN-1", 


T, = 1553.7, 
Е-0.6496 (Еа. (9)], 


Ол- ала (15 (F + iy - (2 + so] 








1000 1000 
«7a, - 7] 
= 3190(0.6496)(28,679) = 59.43(E6). 


Compared with estimated 57.86(E6) at 75% heat absorption 


EXAMPLE 8.15—(continued) 


in the radiant section. Repeat the calculation with an 
estimate of 60(E6) 


Н, = 248 + (77.14 — 60)(Е6)/195,394 = 335.7, 


Т, = 542, 
T, = 100 + 0.5(542 + 900) = 821, 
T, = 1550.5, 
F = 0.6498, 


Ок = 3190(0.6498)(28,727) = 59.55(Е6). 


Interpolating, 


Q assumed т 1, 1, а. аса О/А 


57.86 565 832.5 1553.7 59.43 
60.00 542 821 1550.5 59.65 
Interpolation [547 1551.2 59.50 9900] 


26-27. 
Qcony = (77.14 — 59.50) (Еб) 
= 17.64(E6). 


Fraction lost in stack gas 


Q,/Q, 21—0.02—0.75 = 0.23. 


bank, and is called the equivalent cold plane area. Evaluation of the 
exchange factor F is explained in item 9 of Table 8.16. It depends 
on the emissivity of the gas and the ratio of refractory area A,, to 
the equivalent cold plane area #A,,. In turn, A, =A—A,,, where 
A is the area of the inside walls, roof, and floor that are covered by 
refractory. 

In the convection zone of the heater, some heat also is trans- 
ferred by direct radiation and reflection. The several contribu- 
sions to overall heat transfer specifically in the convection zone of fired 
heaters were correlated by Monrad [Ind. Eng. Chem. 24, 505 (1932)]. 
The combined effects are approximated by item 10 of Table 8.16, 
which is adequate for estimating purposes. The relation depends on 
the temperature of the gas film which is taken to be the sum of the 
average process temperature and one-half of the log mean 
temperature difference between process and flue gas over the entire 
tube bank. The temperature of the gas entering the convection zone 
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From (Eq. (4), 
T, = 920°F. 


28-31. 
LMTD = 735.6 


mean gas film temp is 
T, = 0.5(400 + 547 + 735.6) = 841.3. 


Since С = 0.325 Ib/(sec)(sqft), 


У. = 5.6 Btu/(hr)(sqf)CF) (Еа. (1001, 
_ 17.64(Е6) _ 
cm = 735 6(5,6) (282 salt, 
4282 


— om = 64.1 bare tubes 
1,7344(38.5) 64.1 bare tubes 


or 16 rows of 4 tubes each. Spacing the same as of the shield 
tubes. 

Beyond the first two rows, extended surfaces can be 
installed. 


Total rows =2 + 14/2=9. 


is found with the trial calculation described in Steps 22-23 of Table 
8.17 and may utilize the computer program of Table 8.18. 


8.12. INSULATION OF EQUIPMENT 


Equipment at high or low temperatures is insulated to conserve 
energy, to keep process conditions from fluctuating with ambient 
conditions, and to protect personnel who have occasion to approach 
the equipment. A measure of protection of the equipment metal 
against atmospheric corrosion also may be a benefit. Application of 
insulation is a skilled trade. Its cost runs to 8-9% of purchased 
equipment cost. 

In figuring heat transfer between equipment and surroundings, 
it is adequate to take account of the resistances of only the 
insulation and the outside film. Coefficients of natural convection 
are in Table 8.9 and properties of insulating materials at several 





EXAMPLE 8.16 

Application of the Wilson-Lobo-Hottel Equation 
In the case of Example 8.15, 25% excess air was employed, 
corresponding to 19.0lb/air/lb fuel, the heat release was 
о; = 102.86(10°) Btu/hr, and «Аср = 3036. The effect will be found 
of changing the excess air to 10% (16.7216 air/Ib fuel) on the 
amount of fuel to be fired while maintaining the same heat 
absorption. 

Ratioing Eq. (8.45) to yield the ratio of the releases at the two 
conditions, 


Op 2 1-(16.72/4200)У0//3036 


102.86(106) 1+ (19.0/4200)%102.86(10%)/3036 








21%0.0722У0(107% 


1.8327 
Ор 95.82(10°) Btu/hr, 
which is thc heat release with 10% excess air. 


With 25% excess air, 
With 1046 excess air, 


Q/Q; = 1/1.8327 = 0.5456, 
ОЈО; = 0.5456(102.86/95.82) = 0.5857, 


which shows that approximately 7% more of the released heat is 
absorbed when the excess air is cut from 25% down to 10%. 
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Feed Convection 


Ty = 400 F 
195394 Ib/hr 

Н = 248 Btu/lb 
V' = 0.920 cfs 

u = 5.08 fps, cold 
6" Sched 40. 








Shield 
noe 


Radiant 








T, = 900 Е 
Н, = 609.6 ВЫЛЬ 





Fuel 
+ 25% excess air 


Figure 8.20, Flowsketch of process of Example 8.16. 





Figure 8.21. Tube and box configuration of the fired heater of 
Example 8.16. 


TEMPERATURE T 





0 20 0 60 

4 4 TUBE NUMBER 

X oF 
Figure 8.22. Effects of three modes of heat flux distribution on 
temperature and conversion in pyrolysis of a fuel oil: (1) two levels, 
12,500 and 7500; (2) linear variation between the same limits; (3) 
constant at 10,000 Btu/(hr)(sqft). Obtained by method of Example 
8.16. 


temperature levels are in Tables 8.19-8.21. Outdoors under windy 
conditions, heat losses are somewhat greater than indoors at natural 
convections. Tabulations of economic thicknesses in Chemical 
Engineers Handbook (McGraw-Hill, New York, 1984, 11.55-11.58) 
suggest that 10-20% greater thickness of insulation is justified at 
wind velocity of 7.5 miles/hr. 

The optimum thickness of insulation can be established by 
economic analysis when all of the cost data are available, but in 
practice a rather limited range of thicknesses is employed. Table 
8.22 of piping insulation practice in one instance is an example. 

The procedure for optimum selection of insulation thicknesses 
is exemplified by Happel and Jordan (Сһет. Process Economics, 
380 (1975)]. They take into account the costs of insulation and fuel, 
payout time, and some minor factors. Although their costs of fuel 
are off by a factor of 10 or more, their conclusions have some 
validity if it is recognized that material costs likewise have gone up 
by roughly the same factor. They conclude that with energy cost of 
$2.5/million Btu (adjusted by a factor of 10), a payout time of 2 
years, for pipe sizes of 2-8in., the optimum thicknesses in 
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Figure 8.23. Total emissivity of carbon dioxide and water with 
Ри, о/Рсо, = 1 and a total pressure of 1atm [Hadvig, J. Inst. Fuel 
43, 129 (1970)]. 


TABLE 8.18. Program for Finding the Radiant Gas 
Temperature by Steps 22 and 23 of Table 8.17 
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insulation depend on the process temperature according to: 


T (°F) 200 400 600 
Thickness (іп.) 0.5 1.0 1.25 


The data of Tabie 8.22 are roughly in agreement with these 


8.12. INSULATION OF EQUIPMENT 221 


calculations. Optimum thicknesses of pipe insulation also are 
tabulated in Chemical Engineers Handbook (1984, 11.56); they 
cover both indoor and outdoor conditions, temperature ranges of 
150—1200°Е and energy costs of 1-8 dollars/million Btu. 

For very large tanks storing volatile liquids and subject to 
pressure buildup and breathing losses, it is advisable to find eco- 
nomic thickness of insulation by economic analysis. The influence 
of solar radiation should be taken into account; a brief treatment 
of this topic is in the book of Threlkeld (Thermai Environmental 
Engineering, Prentice-Hall, Englewood Cliffs, NJ, 1970). In at least 
one application, rigid urethane foam sprayed onto storage tanks in 
2in. thickness and covered with a 4mil thickness of neoprene 
rubber for weather proofing was economically attractive. 

Although resistance to heat transfer goes up as the thickness of 
pipe insulation is increased, the external surface also increases; a 
thickness may be reached at which the heat transfer becomes a 
minimum and then becomes larger. In accordance with tbis kind of 
behavior, heat pickup by insulated refrigerated lines of small 
diameters can be greater than that of bare lines. In another 
instance, electrical transmission lines often are lagged to increase 
the rate of heat loss. An example worked out by Kreith (Principles 
of Heat Transfer, Intext, New York, 1973, p. 44) reveals that an 
insulated 0.5 in. OD cable has a 45% greater heat loss than a bare 
one. 


LOW TEMPERATURES 


Insulants suited to cryogenic equipment are characterized by 
multiple small spaces or pores that occlude more or less stagnant air 
of comparatively low thermal conductivity. Table 8.19 lists the most 
common of these materials. In application, vapor barriers are 
provided in the insulating structure to prevent inward diffusion of 
atmospheric moisture and freezing on the cold surface with resulting 
increase in thermal conductivity and deterioration of the insulation. 
Sealing compounds of an asphalt base are applied to the surface of 
the insulation which then is covered with a weatherproof jacket or 
cement coating. For truly cryogenic operations such as air 
liquefaction and rectification in which temperatures as low as 
—300°F are encountered, all of the equipment is enclosed in a box, 
and then the interstices are filled with ground cork. 


MEDIUM TEMPERATURES 


Up to about 600°Е, 8596 magnesia has been the most popular 
material. It is a mixture of magnesia and asbestos fibers so 
constructed that about 90% of the total volume is dead air space. 
Equivalents are available for situations where asbestos is 
undesirable. Such insulants are applied to the equipment in the 
form of slabs or blankets which are beld in place with supports and 
clips spotwelded to the equipment. They are covered with cement 
to seal gaps and finished off with a canvas cover that is treated for 
resistance to the weather. A galvanized metal outer cover may be 
preferred because of its resistance to mechanical damage of the 
insulation. 

A mixture of diatomaceous earth and an asbestos binder is 
suitable for temperatures up to the range of 1600—19007F. 
Johns-Manville “Зирегех” is one brand. Since this material is more 
expensive than 85% magnesia, a composite may be used to save 
money: sufficient thickness of the high temperature resistant mate- 
rial to bring its external surface to below 600°F, finished off with 85% 
magnesia in appropriate thickness. Table 8.22(c) is one standard speci- 
fication of this type. 


REFRACTORIES 


Equipment made of metal and subject to high temperatures or 
abrasive or corrosive conditions often is lined with ceramic material. 
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TABLE 8.19. Thermal Conductivities of Insulating Materials for Low Temperatures 
[К Btu/(hr)(sqft)(°F /ft)] 


Bulk/ Bulk 
Density, Temp Density, Temp 
Material (Ib / сия) CF) h Material (Ib/cuft) (°F) h 
Corkboard 6.9 100 0.022 Rubber board, 
—100 0.018 expanded, 
-300 0.010 “Rubatex” 4.9 100 0.018 
Fibreglas with -100 0.015 
asphalt coating —300 0.004 
(board) 11.0 100 0.023 Silica aerogel, 
—100 0.014 powder 5.3 100 0.013 
—300 0.007 “Santocel” 0 0.012 
Glass blocks, -100 0.010 
expanded, 
"Foamglas" 10.6 100 0.036 Vegetable fiber- 
—100 0.033 board, asphalt 14.4 100 0.028 
—300 0.018 coating —100 0.021 
Mineral wool -300 0.013 
Боага, 
“Rockcork” 14.3 100 0.024 Foams: 2.9 -100 0.015 
-100 0.017 Polystyrene? 5.0 —100 0.019 
-300 0.008 Polyurethane” 


? Test space pressure, 1.0 atm; k — 0.0047 at 10:2 тт Но. 
Test space pressure, 1.0 atm; k = 0.007 at 10 " mmHg. 
(Marks Mechanical Engineers Handbook, 1978, p. 4.64). 


When the pressure is moderate and no condensation is likely, brick 
construction is satisfactory. Some of the materials suited to this 
purpose are listed in Table 8.21. Bricks are available to withstand 
3000°F. Composites of insulating brick next to the wall and stronger 
brick inside are practical. Continuous coats of insulants are formed 
by plastering the walls with a several inch thickness of concretes of 
various compositions. “Gunite” for instance is a mixture of 1 part 
cement and 3 parts sand that is sprayed onto walls and even 


lining. For instance, a catalytic reformer 4ft OD designed for 
650 psig and 1100°F has a shell 1.5 in. thick, a light weight castable 
lining 4-5/8 іп. thick and an inner shell of metal 1/8in. thick. A 
catalytic cracker 10 ft dia designed for 75 psig and 1100°F has a 3 in. 
monolithic concrete liner and 3in. of blanket insulation on the 
outside. Ammonia synthesis reactors that operate at 250 atm and 
1000°F are insulated on the inside to keep the wall below about 
700°F, the temperature at which steels begin to decline in strength, 


irregular surfaces. Castable refractories of lower density and greater 
insulating powers also are common. With both brickwork and 
castables, an inner shell of thin metal may be provided to guard 
against leakage through cracks that can develop in the refractory 


and also to prevent access of hydrogen to the shell since that causes 
embrittlement. Ап air gap of about 0.75 in. between the outer shell 
and the insulating liner contributes significantly to the overall in- 
sulating quality. 


TABLE 8.20. Thermal Conductivities of Insulating Materials for High Temperatures [k Btu/(hr)(sqft)F/ft)] 


Вик Мах 
Density, Temp 
Material Ib/cu (°F) 100°F 300°F 500°F 100095 1500°F 2000Ғ 
Asbestos paper, laminated 22 400 0.038 0.042 
Asbestos paper, corrugated 16 300 0.031 0.042 
Diatomaceous earth, silica, powder 18.7 1500 0.037 0.045 0.053 0.074 
Diatomaceous earth, asbestos and bonding 18 1600 0.045 0.049 0.053 0.065 
material 
Fiberglas block, PF612 2.5 500 0.023 0.039 
Fiberglas block, PF614 4.25 500 0.021 0.033 
Fiberglas block, PF617 9 500 0.020 0.033 
Fiberglas, metal mesh blanket, #900 — 1000 0.020 0.030 0.040 
Glass blocks, average values 14—24 1600 — 0.046 0.053 0.074 
Hydrous calcium silicate, “Кауіо” 11 1200 0.032 0.038 0.045 
85% magnesia 12 600 0.029 0.035 
Micro-quartz fiber, blanket 3 3000 0.021 0.028 0.042 0.075 0.108 0.142 
Potassium titanate, fibers 71.5 — — 0.022 0.024 0.030 
Rock wool, loose 8-12 — 0.027 0.038 0.049 0.078 
Zirconia grain 113 3000 — — 0.108 0.129 0.163 0.217 





(Marks, Mechanical Engineers Handbook, 1978, p. 4.65). 


EZZ 


TABLE 8.21. Properties of Refractories and Insulating Ceramics? 


(а) Chemical Composition of Typical Refractories 








Resistance to 


























Fused 
No Refractory Type 510, А.О, Ғе,О; TiO, CaO MgO Сі,0, SiC Aikalies Steel-Slag Steei-Slag Mill-Scale Slag 
1 Alumina (fused) 8—10 85-90 1-1.5 1.5-2.2 -- 0.8-1.3” E G F G 
2 Chrome 6 23 15^ — — 17 38 — — G E E G 
3 Chrome (unburned) 5 18 12” - - 32 30 - - а Е Е G 
4 Fire clay (high-heat duty) 50-57 36-42 1.5-2.5 1.5-2.5 -- — — — 1-3,5° Е Р Р Е 
b Ніге clay (super-duty) 52 43 1 2 — — — — 2* F P F F 
6 Forsterite 34.6 0.9 7.0 — 1.3 55.4 
7 High-alumina 22—26 68-72 1-1.5 3.5 — — — — 1-1.5* G F F F 
8 Kaolin 52 45.4 0.6 1.7 0.1 0.2 — -- -- Е Р G^ F 
8 Magnesite 3 2 6 — 3 86 — -- -- Р Е Е Е 
10 Magnesite (unburned) 5 7.5 8.5 — 2 64 10 — — P E E E 
11 Magnesite (fused) — - — — — — — — — F E E E 
12 Refractory porcelain 25-70 25-60 -- - — -- — — 1-5 G F F F 
13 Silica 96 1 1 — 2 — — — — E P F P 
14 Silicon carbide (clay bonded) 7-9 2-4 0.3-1 1 — — — 85-90 -- Е G F E 
15 Sillimanite (mullite) 35 62 0.5 1.5 — — -- -- 0.5° G F F F 
16 Insulating fire-brick (2600°F) 57.7 36.8 2.4 1.5 0.6 0.5 — — — P P а“ Р 
{b) Physical Properties of Typical Refractories? 
Fusion Point Wt. of 
Deformation under Repeat Shrinkage Straight 
Refractory Pyrometric Load (% at °F Spalling after 5 hr 9 in. 
No. °F Cone and Ib/in.) Resistance (% °F) Brick (Ib) 
1 3390+ 39+ 1 at 2730 and 50 G +0.5 (2910) 9-10.6 
2 3580-- 41+ shears 2740 and 28 Р —0.5-1.0 (3000) 11.0 
3 3580-- 41- вһеагв 2955 апа 28 Е —0.5-1.0 (3000) 11.3 
4 3060-3170 31-33 2.5-10 at 2460 and 25 G +0-1.5 (2550) 7.5 
5 3170—3200 33-34 2-4 at 2640 and 25 E +0—1.5 (2910) 8.5 
6 3430 40 10 at 2950 F — 9.0 
7 3290 36 1-4 at 2640 and 25 E —2-4 (2910) 7.5 
8 3200 34 0.5 at 2640 and 25 E —0.7—1.0 (2910) 7.7 
9 3580-- 41+ shears 2765 and 28 Р —1-2 (3000) 10.0 
10 3580-- 41- shear 2940 and 28 F -0.5-1.5 (3000) 10.7 
11 3580-- 41- Е — 10.5 
12 2640—3000 16 30 G 
13 3060--3090 31-32 вһеагв 2900 апа 25 Р 4-0.5-0.8 (2640) 6.5 
14 3390 39 0-1 at 2730 and 50 E +2 (2910) 8-9.3 
15 3310-3340 37-38 0-0.5 at 2640 and 25 E —0-0.8 (2910) 8.5 
16 2980-3000 29-30 0.3 at 2200 and 10 G —0.2 (2600) 2.25 


а Divide by 12 to obtain the units k Btu/(hr)(sqft)(°F/ft). 
P As FeO. 

* Includes lime and magnesia. 
" Excellent if left above 1200°F. 


9 Oxidizing atmosphere. 
E = Excellent. G = Good. F = Fair. P = Poor. 

9 [Some data from Trostel, Chem. Met. Eng. (Nov. 1938)]. 

Marks, Mechanical Engineers Handbook, McGraw-Hill, New York, 1978, рр. 6.172-6.173. 


Siliceous High-lime 


Coal-Ash 
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TABLE 8.22. Specifications of Thicknesses of Pipe Insulation 
for Moderate and High Temperatures, in Single 
or Double Strength as May Be Needed 


(a) Insulation of 85% Magnesia or Equivalent up to 600°F 


Pipe Size Standard Thick Double Standard 
in.) (in.) Thick (in.) 

1-1/2 or less 7/8 1-15/16 
2 1-1/32 2-5/32 
2-1/2 1-1/32 2-5/32 

3 1-1/32 2-5/32 

4 1-1/8 2-1/4 

5 1-1/8 2-5/16 

6 1-1/8 2-5/16 

8 1-1/4 2-1/2 
10 1-1/4 2-1/2 
12-33 1-1/2 3 


(b) Molded Diatomaceous Earth Base Insulation, to 1900°F, 
Single or Double Thickness as Needed 


Pipe Size 
(in.) Thickness (іп.) 
1-1/2 2 2 
2 1-1/4 2-1/8 
2-1/2 1-5/16 1-13/16 
3 1-9/16 2-1/16 
4 1-9/16 2-1/16 
5 1-1/2 2 
6 1-1/2 2-1/16 
8 1-1/2 2 
10 1-9/16 2-1/8 
12 1-9/16 2-1/8 
14-33 1-1/2 2 


(c) Combination Insulation, Inner Layer of Diatomaceous Earth 
Base, and Outer of 85% Magnesia or Equivalent, for High Level 
Insulation to 1900°F 


Inner Layer Outer Layer 
Pipe Size Thickness Nominal Pipe Thickness 
біп.) (in.) Size (in.) (in.) 
1-1/2 or less 2 no outer Jayer - 
2 1-1/4 4-1/2 1-1/2 
2-1/2 1-5/16 5 1-1/2 
3 1-9/16 6 1-1/2 
4 1-9/16 7 1-1/2 
5 1-1/2 8 2 
6 1-1/2 9 2 
8 1-1/2 11 2 
10 1-9/16 14 2 
12 1-9/16 16 2 
14-33 1-1/2 17-36 2 


Data of ап engineering contractor. 


8.13. REFRIGERATION 


Process temperatures below those attainable with cooling water or 
air are attained through refrigerants whose low temperatures are 
obtained by several means: 


1. Vapor compression refrigeration in which a vapor is compressed, 
then condensed with water or air, and expanded to a low 
pressure and correspondingly low temperature through a valvc 
or an engine with power takeoff. 

2. Absorption refrigeration in which condensation is effected by 
absorption of vapor in a liquid at high pressure, then cooling and 


expanding to a low pressure at which the solution becomes cold 
and flashed. 

3. Steam jet action in which water is chilled by evaporation in a 
chamber maintained at low pressure by means of a steam jet 
ejector. А temperature is 55°F or so is commonly attained, but 
down to 40°F may be feasible. Brines also can be chilled by 
evaporation to below 32°F. 


The unit of refrigeration is the ton which is approximately the 
removal of the heat of fusion of a ton of ice in one day, or 
288,000 Btu/day, 12,000 Btu/hr, 200 Btu/min. The reciprocal of the 
efficiency, called the coefficient of performance (COP) is the term 
employed to characterize the performances of refrigerating 
processes: 


COP 
energy absorbed by the refrigerant at the low temperature 
energy input to the refrigerant ` 





А commonly used unit of COP is (tons of refrigeration)/ 
(horsepower input). Some of the refrigerants suited to particular 
temperature ranges arc listed in Tables 1.10, 8.23, and 8.24. 


COMPRESSION REFRIGERATION 


А basic circuit of vapor compression refrigeration is in Figure 
8.24(a). After compression, vapor is condensed with water cooling 
and then expanded to a low temperature through a valve in which 
the process is essentially at constant enthalpy. In large scale 
installations or when the objective is liquefaction of the 
"permanent" gases, expansion to lower temperatures is achieved in 
turboexpanders from which power is recovered; such expansions are 
approximately isentropic. The process with expansion through a 
valve is represented on a pressure-enthalpy diagram in Figure 
8.24(b). 

A process employing a circulating brine is illustrated in Figure 
8.24(c); it is employed when cooling is required at several points 
distant from the refrigeration unit because of the lower cost of 
circulation of the brine, and when leakage between refrigerant and 
process fluids is harmful. 

For an overall compression ratio much in excess of four or so, 
multistage compression is more economic. Figure 8.24(d) shows two 
stages with intercooling to improve the capacity and efficiency of the 
process. 

Many variations of the simple circuits are employed in the 
interest of better performance. The case of Example 8.17 has two 
stages of compression but also two stages of expansion, a scheme 
due originally to Windhausen (in 1901). The flashed vapor of the 
intermediate stage is recycled to the high pressure compressor. The 
numerical example shows that an improved COP is attained with 
the modified circuit. In the circuit with a centrifugal compressor of 
Figure 8.25, the functions of several intermediate expansion valves 
and flash drums are combined in a single vessel with appropriate 
internals called an economizer. This refrigeration unit is used with a 
fractionating unit for recovering ethane and ethylene from a 
mixture with lighter substances. 

Low temperatures with the possibility of still using water for 
final condensation are attained with cascade systems employing 
coupled circuits with different refrigerants. Refrigerants with higher 
vapor pressures effect condensation of those with lower vapor 
pressures. Figure 8.26 employs ethylene and propylene in a cascade 
for servicing the condenser of a demethanizer which must be cooled 
to —145?F. A similar process is represented on a flowsketch in the 
book of Ludwig (1983, Vol. 1, p. 249). A three element cascade 
with methane, ethylene and propylene refrigerants is calculated by 
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Figure 8.24. Simpler circuits of compression refrigeration (see also Example 8.17). (a) Basic circuit consisting of a 
compressor, condenser, expansion valve and evaporator (load). (b) Conditions of the basic circuit as they appear on a 
pressure-enthalpy diagram; the primed points are on the vapor-liquid boundary curve. (c) Circuit with circulation of 
refrigerated brine to process loads. (d) Circuit with two-stage compression and intercooling. 





EXAMPLE 8.17 
Two-Stage Propylene Compression Refrigeration with Inter- 


recycled to the suction of the high pressure stage while the liquid is 
expanded to 16psia to provide the needed refrigeration at —9°F. 
The ratios of refrigeration to power input will be compared without 


stage Recycle 
A propylene refrigeration cycle operates with pressures of 256, 
64, and l6psia. Upon expansion to 64 psia, the flashed vapor is 


and with interstage recycle. 
Basis: 116 of propylene to the high pressure stage. Conditions 


High pressure 
stage 


256 


0.2477 Ib 


64 psia 


0.7523 Ib 


Pressure, psia 





Low pressure 
stage 
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EXAMPLE 8.17—(continued) 


are shown on the pressure-enthalpy and flow diagrams. Isentropic 


compression and isenthalpic expansion are taken. Without recycle, 
refrigeration = 452-347 = 105 Btu/Ib, 
work = 512-452 = 60 Btu/Ib, 
СОР = 105/60 = 1.75. 

With recycle, 


interstage vapor = (347—305)/(468—305) = 0.2577 Ib/Ib, 
refrigeration = (452-305)0.7423 = 109.1 Btu/Ib, 

work = (495-468)0.2577 + (512-452)0.7423 = 51.5 Btu/lb, 
СОР = 109.1/51.5 = 2.12, 


which points out the improvement in coefficient of performance by 
the interstage recycle. 
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compressor compressors 
450 HP 450 HP 


Figure 8.25. A refrigeration system for the overhead condenser of a 
fractionator for recovering ethane and ethylene. Freon-12 is the 
refrigerant. The economizer combines the functions of several 
expansion valves and flash drums for intermediate recycle of flashed 
vapors. 


Process Ethylene 3-stage 


compressor 


—68 Е 
27 psia 










230Е 
250 psia 


100F 
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Propylene 2-stage 
compressor 
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Bogart (1981, pp. 44-47); it attains —240°F with a maximum 
pressure of 527 psia. 


REFRIGERANTS 


Several refrigerants commonly used above —80°F or so аге 
compared in Table 8.23. Ethylene and butane also are in use, 
particularly in refineries where they are recoverable from the 
process streams. Properties of the freons (also known by the trade 
name genetrons) are listed in Table 8.24. Freon 12 is listed in both 
tables so some comparisons of all of these refrigerants is possible. 
The refrigerants of Table 8.23 have similar performance. When 
ammonia or some hydrocarbons are made in the plant, their 
election as refrigerants is logical. Usually it is preferred to operate 
at suction pressures above atmospheric to avoid inleakage of air. 
The nonflammability and nontoxicity of the freons is an attractive 
quality. Relatively dense vapors such as Ref-12, -22, and -500 are 
preferred with reciprocating compressors which then may have 
smaller cylinders. For most equipment sizes, Ref-12 or -114 can be 
adopted for greater capacity with the same equipment. Ref-22 and 
-500 are used with specially built centrifugals to obtain highest 
capacities. 

Ammonia absorption refrigeration is particularly applicable 
when low level heat is available for operation of the stripper 
reboiler and power costs are high. Steam jet refrigeration is the 
large scale system of choice when chilled water is cold enough, that 
is above 40°F or so. 


Process Ethylene 


condenser 


-30 F 


149 F 
238 psia 












Processes 


Figure 8.26. A cascade refrigeration system employing ethylene and propylene for condensing the 
overhead of a demethanizer at —145°F. The diagram is somewhat simplified. 


TABLE 8.23. Comparative Data of Refrigerants? 








Evaporator 
Temp (^F) —80 —60 —40 —20 0 20 40 60 
Evaporator ammonia 5.55 10.4 18.3 30.4 48.0 73.0 107.5 
pressure propylene 7.20 12.5 20.7 32.1 48.0 70.0 96.0 131 
{psia} propane 5.55 9.78 16.2 25.5 38.1 56.0 80.0 110 
freon 12 2.88 5.36 9.3 15.3 23.8 35.7 51.7 72.4 
Condensed Liquid Temperature 95°F; Condenser Pressure in psia: 
Ammonia 197; Propylene 212; Propane 177; 12 123 
lb refrigerant/ ammonia 0.454 0.446 0.438 0.432 0.426 0.422 0.418 
min/ton propylene 2.07 1.96 1.87 1.79 1.72 1.66 1.60 1.54 
refrigeration propane 2.18 2.04 1.93 1.83 1.74 1.67 1.59 1.53 
freon 12 5.18 4.89 4.65 4.42 4.22 4.05 3.88 3.74 
CMF of ammonia 20.4 11.1 6.45 3.96 2.52 1.69 1.14 
refrigerant/ propyiene 27.1 15.7 9.18 5.85 3.84 2.53 1.80 1.28 
min/ton propane 37.4 20.0 12.0 7.29 4.77 3.12 2.13 1.50 
refrigeration freon 12 59.9 31.7 18.0 10.8 6.79 4.44 3.00 2.09 
Brake ammonia 4.31 3.23 2.41 1.78 1.26 0.835 0.483 
horsepower/ propylene 5.00 3.96 3.10 2.35 1.74 4.20 0.830 0.485 
ton refrigeration propane 4.98 3.87 3.03 2.32 1.75 1.24 0.800 0.458 
freon 12 5.70 4.33 3.31 2.47 1.83 1.30 0.848 0.490 
Condensed Liquid Temperature 125°F; Condenser Pressure in psia: 
Ammonia 303; Propylene 314; Propane 260; Freon 12 184 
Ib refrigerant ammonia 0.492 0.483 0.474 0.466 0.460 0.454 0.450 
min/ton propylene 2.67 2.50 2.35 2.22 2.11 2.01 1.93 1.86 
refrigeration propane 2.86 2.63 2.44 2.29 2.16 2.04 1.94 1.84 
freon 12 6.42 5.98 5.61 5.28 5.00 4.75 4.53 4.33 
CFM of ammonia 22.0 12.0 6.97 4.26 2.72 1.82 1.23 
refrigerant/ propylene 35.2 20.0 11.5 7.32 4.72 3.08 2.18 1.56 
ton/ propane 50.0 25.8 15.4 9.16 5.94 3.79 2.63 1.86 
refrigeration freon 12 74.0 38.8 217 12.9 8.05 5.21 3.50 2.42 
Brake ammonia 5.68 4.38 3.33 2.54 1.90 1.38 0.952 
horsepower/ propylene 7.49 5.96 4.71 3.66 2.79 2.03 1.55 1.10 
ton refrigeration propane 7.47 5.85 4.60 3.59 2.81 2.07 1.50 1.03 
freon 12 8.09 6.25 4.78 3.67 2.78 2.07 1.49 1.02 


? The horsepowers are based on centrifugal compressor efficiencies without economizers. 







Condenser 
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Figure 8.27. An ammonia absorption refrigeration process for a load of 50 tons at 
30°F. The conditions were established by Hougen, Watson, and Ragatz (Thermo- 
dynamics, Wiley, New York, 1959, pp. 835-842). 
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TABLE 8.24. Comparative Data of Ғгеоп Refrigerants 





Refrigerant Number (ARI Designation) 11 12 22 113 114 500 502 
azeotrope of 
azeotrope of monochlorodi- 
dichlorodi- fluoromethane 
fluoromethane and 
trichloromono- dichlorodi- monochlorodi- trichlorotri- dichlorotetra- and monochloropenta- 
Chemical name fluoromethane fluoromethane fluoromethane fluoroethane fluoroethane difluoroethane fluoroethane 
73.8% CCIF, 48.8% СНСІЕ, 
Chemical formula CCIF ССІ,Е, СНСІЕ, CCI;F-CCIF, екен 26.2% СН-СНЕ, 51.2% ССІҒ,-СЕ, 
Molecular w1 137.38 120.93 86.48 187.39 170.93 99.29 111.64 
Gas constant А [(ft Ib/Ib R)] 11.25 12.78 17.87 8.25 9.04 15.57 13.87 
Boiling point at 1 atm (°F) 74.7 —21.62 -41.4 117.6 38.4 -28.0 — 50.1 
Freezing point at 1 atm (°F) —168 —252 —256 -31 —137 —254 a 
Critical temperature (°F) 388.0 233.6 204.8 417.4 294.3 221.1 194.1 
Critical pressure (psia) 635.0 597.0 716.0 495.0 474.0 631.0 618.7 
Specific heat of liquid, 86°F 0.220 0.235 0.335 0.218 0.238 0.300 0.305 
Specific heat of vapor, С, 60°F at 1 atm a 0.146 0.149 a 0.156 0.171 0.164 
Specific heat at vapor, С, 60°F at 1 atm a 0.130 0.127 a 0.145 0.151 0.161 
Ratio C,/C, = К (86°F at 1 atm) 1.11 1.14 1.18 1.12 1.09 1.13 1.023 
Saturation pressure (psia) at 
—50°F 0.52 7.12 11.74 а 1.35 8,395 14.74 
0°Е 2.55 23.85 38.79 0.84 5.96 27.96 45.94 
40°F 7.03 51.67 83.72 2.66 15.22 60.94 94.90 
105°F 25.7 141.25 227.65 11.58 50.29 167.85 244.40 
Net refrigerating effect (Btu/Ib) 40—105°F (no 67.56 49.13 66.44 54,54 43.46 59.82 43.72 
subcooling) 
Cycle efficiency (% Carnot cycle) 40-105%Ғ 90.5 83.2 81.8 87.5 84.9 82.0 76.1 
Liquid circulated 40—105*F [(Ib/min/ton)] 2.96 4.07 3.02 3.66 4.62 3.35 4.58 
Theoretical displacement 40-105%Ғ 16.1 3.14 1.98 39.5 9.16 2.69 2.04 
(cuft/min/ton)] 
Theoretical horsepower рег ton 40—105°Е 0.676 0.736 0.75 0.70 0.722 0.747 0.806 
Coefficient at performance 40-105°F (4.71/HP 6.95 6.39 6.29 6.74 6.52 6.31 5.86 
per ton) 
Cost compared with R 11 1.00 1.57 2.77 2.15 2.97 2.00 5.54 


? Data not available or not applicable. 
(Carrier Air Conditioning Co.). 


ABSORPTION REFRIGERATION 


The most widely used is ammonia absorption in water. А flowsketch 
of the process is in Figure 8.27. Liquid ammonia at a high pressure 
is obtained overhead in a stripper, and then is expanded through a 
valve and becomes the low temperature vapor-liquid mixture that 
functions as the refrigerant. The low pressure vapor is absorbed in 
weak liquor from the bottom of the stripper. Energy input to the 
refrigeration system is primarily that of the steam to the stripper 
reboiler and a minor amount of power to the pump and the cooling 
water circulation. 

This kind of system has a useful range down to the atmospheric 
boiling point of ammonia, —28°F or —33°С, or even lower. Two or 
three stage units are proposed for down to —94°F. Sizing of 
equipment is treated by Bogart (1981). 
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DRYERS AND COOLING TOWERS 


he processes of the drying of solids and the 

evaporative cooling of process water with air һауе 

a common foundation in that both deal with 

interaction of water and air and involve 
simultaneous heat and mass transfer. Water cooling is 
accomplished primarily in packed towers and also in spray 
ponds or in vacuum spray chambers, the latter for 
exceptionally low temperatures. Although such equipment is 
comparatively simple in concept, it is usually large and 
expensive, so that efficiencies and other aspects are 
considered proprietary by the small number of manufacturers 
in this field. 

In contrast, a great variety of equipment is used for the 
arying of solids. Thomas Register lists about 35 pages of U.S. 
manufacturers of drying equipment, classified with respect to 
type or the nature of the material being dried. In a major 
respect, dryers are solids handling and transporting 
equipment, notable examples being perforated belt conveyors 
and pneumatic conveyors through which hot air is blown. 
Solids being dried cover a range of sizes from micron-sized 
particles to large slabs and may have varied and distinctive 
crying behaviors. As in some other long-established 


9.1. INTERACTION OF AIR AND WATER 


Besides the obvious processes of humidification and dehumidifica- 
tion of air for control of environment, interaction of air and water is 
a major aspect of the drying of wet solids and the cooling of water 
for process needs. Heat and mass transfer then occur simul- 
taneously. For equilibrium under adiabatic conditions, the energy 
balance is 


„Ар, - p) - h(T — Tu), (9.1) 


where p, is the vapor pressure at the wet bulb temperature T,,. The 
moisture ratio, H lb water/lb dry air, is related to the partial 
pressure of the water in the air by 


Hec Pet (9.2) 


the approximation being valid for relatively small partial pressures. 
Accordingly, the equation of the adiabatic saturation line may be 
written 


H, — H = (h/Ak)(T — T,) (9.3) 
= (C/AYT - T). (9.4) 


For water, numerically С = А/К, so that the wet bulb and adiabatic 
saturation temperatures are identical. For other vapors this 
conclusion is not correct. 

For practical purposes, the properties of humid air are 
recorded on psychrometric (or humidity) charts such as those of 
Figures 9.1 anc 9.2, but tabulated data and equations also are 
available for greater accuracy. A computer version is available 
(Wiley Professional Software, Wiley, New York). The terminal 
properties of a particular adiabatic humification of air are located 
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industries, drying practices of necessity have outpaced drying 
theory. In the present state of the art, it is not possible to 
design a dryer by theory without experience, but a reasonably 
satisfactory design is possible from experience plus a little 
theory. 

Performances of dryers with simple flow patterns can be 
described with the aid of laboratory drying rate data. in other 
cases, theoretical principles and correlations of rate data are 
of value largely for appraisal of the effects of changes in some 
operating conditions when a basic operation is known. The 
essential required information is the residence time in the 
particular kind of dryer under consideration. Along with 
application of possible available rules for vessel proportions 
and internals to assure adequate contacting of solids and air, 
heat and material balances then complete a process design of 
a dryer. 

In order to aid in the design of dryers by analogy, 
examples of dimensions and performances of the most 
common types of dryers are cited in this chapter. Theory and 
correlation of heat and mass transfer are treated in detail 
elsewhere in this book, but their use in the description of 
drying behavior will be indicated here. 


on the same saturation line, one of those sloping upwards to the left 
on the charts. For example, all of these points are on the same 
saturation line: (T, H) = (250, 0.008), (170, 0.026) and (100, 0.043); 
the saturation enthalpy is 72Btu/lb dry, but the individual 
enthalpies are less by the amounts 2.5, 1.2, and 0, respectively. 

Properties such as moisture content, specific volume, and 
enthalpy are referred to unit mass of dry air. The units employed on 
Figure 9.1 are Ib, cuft, °F, and Btu; those on Figure 9.2 are SI. The 
data are for standard atmospheric pressure. How to correct them 
for minor deviations from standard pressure is explained for 
example in Chemical Engineers’ Handbook (McGraw-Hill, New 
York, 1984, 12.10). An example of reading the charts is with the 
legend of Figure 9.1. Definitions of common humidity terms and 
their units are given following. 


1. Humidity is the ratio of mass of water to the mass of dry air, 
H=W,,/W,. (9.5) 
2. Relative humidity or relative saturation is the ratio of the 
prevailing humidity to the saturation humidity at the same 
temperature, or the ratio of the partial pressure to the vapor 
pressure expressed as a percentage, 


%RH = 100Н/Н, = 100p/p,. (9.6) 


3. The relative absolute humidity is 


(HIH asse = (s) (525) (9.7) 


4. Vapor pressure of water is given as a function of temperature by 


р, = ехр(11.9176 — 7173.9/(T + 389.5)), atm, ^F. (9.8) 
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Figure 9.1. Psychrometric chart in English units (Carrier Corp. Syracuse, NY). Example: For air at 200°F with 
Н =0.03 lb/Ib: 7; = 106.5°F, V, = 17.4 cuft/Ib dry, 100H/H, = 5.9%, h = h, + D = 84 — 1.7 = 82.3 Btu/Ib dry. 
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Figure 9.2. Psychrometric chart for a wide temperature range, 32—600°Е (Proctor and Schwartz, Inc., Horsham, РА). 
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EXAMPLE 9.1 

Conditions in an Adiabatic Dryer 
The air to a dryer has a temperature of 250°F and a wet bulb 
temperature of 101.5°F and leaves the process at 110°F. Water is 








T, =250F Т, = 100 F 
Typ = 101.5 F H = 0.043 
100H/H, = 73% 


Н = 0.010 ІР/ІР dry 


V, = 15.3 cuft/lb d 
V, = 18.2 cuft/Ib dry h М 


Water 1500 Ib/hr 


evaporated off the surface of the solid at the rate of 1500 lb/hr. 
Linear velocity of the gas is limited to a maximum of 15 ft/sec. The 
diameter of the vessel will be found. 

Terminal conditions of the air are read off the adiabatic 
saturation line and appear on the sketch: 


| 1500 
Dry air = 0.043 — 0.010 ^ 45,455 lb/hr 
45,455(18.2) _ 
3600 = 229.8 cfs, 


D = %29.8/15(2/4) = 4.4 ft. 





5. The humid volume is the volume of 116 of dry air plus the 
volume of its associated water vapor, 


V, = 0.73(1/29 + А/18)(Т + 459.6)/Р, 
cuft/(Ib dry air). (9.9) 


6. Humid specific heat is 


Cp = C, + C,H -0.24--0.45Н, Btu/(F)(lb dry air). (9.10) 

7. The wet bulb temperature T, is attained by measurement under 
standardized conditions. For water, Т, is numerically nearly the 
same as the adiabatic saturation temperature 7). 

8. The adiabatic saturation temperature Т, is the temperature 
attained if the gas were saturated by an adiabatic process. 

9. With heat capacity given by item 6, the enthalpy of humid air is 

h -0.247 + (0.45T + 1100) H. (9.11) 

On the psychrometric chart of Figure 9.1, values of the saturation 

enthalpy Л, and a correction factor D are plotted. In these terms the 

enthalpy is 


h=h,+D. (9.12) 


In Figure 9.2, the enthalpy may be found by interpolation between 
the lines for saturated and dry air. 

In some periods of drying certain kinds of solids, water is 
brought to the surface quickly so that the drying process is 
essentially evaporation of water from the free surface. In the 
absence of intentional heat exchange with the surrounding or 
substantial heat losses, the condition of the air will vary along the 
adiabatic saturation line. Such a process is analyzed in Example 9.1. 

For economic reasons, equilibrium conditions cannot be 
approached closely. In a cooling tower, for instance, the effluent air 
is not quite saturated, and the water temperature is not quite at the 
wet bulb temperature. Percent saturation in the vicinity of 90% 
often is feasible. Approach is the difference between the 
temperatures of the water and the wet bulb. It is a significant 
determinant of cooling tower sizè as these selected data indicate: 


Approach (°F) 5 10 15 20 25 
Relative tower volume 2.4 1.6 1.0 0,7 0,55 


Other criteria for dryers апа cooling towers will be cited later. 


9.2. RATE OF DRYING 


In a typical drying experiment, the moisture content and possibly 
the temperature of the material are measured as functions of the 
time. The inlet and outlet rates and compositions of the gas also are 
noted. From such data, the variation of the rate of drying with 
either the moisture content or the time is obtained by mathematical 
differentiation. Figure 9.3(d) is an example. The advantage of 
expressing drying data in the form of rates is that their dependence 
on thermal and mass transfer driving forces is more simply 
correlated. Thus, the general drying equation may be written 


1 ау/ 
———2h(T-T)-2k,(P-P)-k&u(H — Н,), 


220 (9.13) 


where subscript g refers to the gas phase and Н is the moisture 
content, (kg/kg dry material), corresponding to a partial or vapor 
pressure P. Since many correlations of heat and mass transfer 
coefficients are known, the effects of many changes in operating 
conditions on drying rates may be ascertainable. Figures 9.3(g) and 
(h) are experimental evidence of the effect of humidity of the air 
and (i) of the effect of air velocity on drying rates. 

Other factors, however, often complicate drying behavior. 
Although in some ranges of moisture contents the drying process 
may be simply evaporation off a surface, the surface may not dry 
uniformly and consequently the effective amount of surface may 
change as time goes on. Also, resistance to diffusion and capillary 
flow of moisture may develop for which phenomena no adequate 
correlations are known. Furthermore, shrinkage may occur on 
drying, particularly near the surface, which hinders further 
movement of moisture outwards. In other instances, agglomerates 
of particles may disintegrate on partial drying. 

Some examples of drying data appear in Figure 9.3. Commonly 
recognized zones of drying behavior are represented in Figure 
9.3(a). Equilibrium moisture contents assumed by various materials 
in contact with air of particular humidities is represented by (b). 
The shapes of drying rate curves vary widely with operating 
conditions and the physical state of the solid; (b) and others are 
some examples. No correlations have been developed or appear 
possible whereby such data can be predicted. In higher ranges of 
moisture content of some materials, the process of drying is 
essentially evaporation of moisture off the surface, and its rate 
remains constant until the surface moisture is depleted as long as 
the condition of the air remains the same. During this period, the 
rate is independent of the nature of the solid. The temperature of 
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1 — paper, newsprint 


2 — wool, worsted 


90 initia] moisture content (IMC) 3 — nitrocellulose 
N 4 —silk 
80AN 


5— leather, sole, oak tanned 


6 — kaolin H 
7—N.C. tobacco leaf / |] | | 


70} Constant rate period 


8-— soap 
60 


9—glue 
10—jumber 
50 


40) 








Falling rate period 
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Figure 9.3. (a) Classic drying curve of moisture content against time; a heat-up period in which no drying occurs also is usually present 
(Proctor and Schwartz, Inc.; Schweitzer, p. 4.144). (b) Equilibrium moisture content as a function of relative humidity; many other data arc 
tabulated in Chemical Engineers Handbook (McGraw-Hill, New York, 1984, 20.12). (These data are from National Academy of Science, 
copyright 1926.) (c) Rate of drying as a function of % saturation at low (subscript 1) and high (subscript 2) drying rates: (A) glass spheres, 
60 ит, bed 51 mm deep; (B) silica flour, 23.5 um, 51 mm deep; (C) silica flour, 7.5 ит, 51 mm bed; (D) silica flour, 2.5 и, 65 mm deep (data 
of Newitt et al., Trans. Inst. Chem. Eng. 27, 1 (1949). (d) Moisture content, time and drying rates in the drying of a tray of sand with 
superheated steam; surface 2.35 sqft, weight 27.1251Ь. The scatter in the rate data is due to the rough numerical differentiation (Wenzel, 
Ph.D. thesis, University of Michigan, 1949). (e) Temperature and drying rate in the drying of sand іп a tray by blowing air across it. Dry bulb 
76.1°С, wet bulb 36.0°С (Ceaglske and Hougen, Trans. AIChE 33, 283 (1937). (f) Drying rates of slabs of paper pulp of several thicknesses 
[after McCready and McCabe, Trans. AIChE 29, 131 (1933)]. (g) Drying of asbestos pulp with air of various humidities [McCready and 
McCabe, Trans. AIChE 29, 131 (1933)]. (h) Effect of temperature difference on the coefficient К of the falling rate equation -dW /40 = KW 
[Sherwood апа Comings, Trans. AIChE 27, 118 (1932)]. (i) Effect of air velocity on drying of clay slabs. The data are represented by 
Е-2.0и97<Н, - Н). The dashed line is for evaporation in a wetted wall tower (Walker, Lewis, McAdams, and Gilliland, Principles of 
Chemical Engineering, McGraw-Hill, New York, 1937). 
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Figure 9.3— (continued) 
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EXAMPLE 9.2 

Drying Time over Constant and Falling Rate Periods with 

Constant Gas Conditions 
The data of Figure 9.3(d) were obtained on a sample that contained 
27.125 lb dry sand and had an exposed drying surface of 2.35 sqft. 
ТаКе the case of a sample that initially contained 0.16816 
zoisture/Ib dry material and is to be dried to W = 0.005 1b/lb. In 
these units, the constant rate shown on the graph is transformed to 


1 dW 038 


23548 727105 (bl /(hr) sqft, 
which applies down to the critical moisture content W, = 0.04 Ib/Ib. 
The rate behavior over the whole moisture range is 


the evaporate assumes the wet bulb temperature of the air. 
Constant rate zones are shown in (d) and (e), and (e) reports that 
temperatures are truly constant in such a zone. 

The moisture content at which the drying rate begins to decline 
is called critical. Some of the variables on which the transition point 
depends are indicated in Figures 9.3(c) and (g). The shape of the 
falling rate curve sometimes may be approximated by a straight 
line, with equation 


aW 
-g = - WD) 


(9.14) 
where W, is the equilibrium moisture content. When W, is zero as it 
often is of nonporous granular materials, the straight line goes 
through the origin. (d) and (h) illustrate this kind of behavior. The 
drying time is found by integration of the rate plots or equations. 
The process is illustrated in Example 9.2 for straight line behavior. 
Other cases require numerical integration. Each of the examples of 
Figure 9.3 corresponds to a particular substantially constant gas 
condition. This is true of shallow bed drying without recirculation of 
humid gas, but in other kinds of drying equipment the variation of 
the rate with time and position in the equipment, as well as with the 
moisture content, must be taken into account. 

An approximation that may be justifiable is that the critical 
moisture content is roughly independent of the drying conditions 
and that the falling rate curve is linear. Then the rate equations may 
be written 





тау [*Ф® НӘ W.<W<W, 
ЕРЕТІН ым МСУ, <<. (9.15) 


Examples 9.3 and 9.4 apply these relations to а countercurrent 
dryer in which the humidity driving force and the equilibrium 
moisture content vary throughout the equipment. 


LABORATORY AND PILOT PLANT TESTING 


The techniques of measuring drying of stationary products, as on 
trays, are relatively straightforward. Details may be found in the 
references made with the data of Figure 9.3. Mass transfer 
resistances were eliminated by Wenzel through use of superheated 
steam as thc drying medium. 

In some practical kinds of dryers, the flow patterns of gas and 
solid are so complex that the kind of rate equation discussed in this 


аи |01320, 0.04 < W < 0.168, 
dO 10.8230, W «0.04. 


Accordingly, the drying time is 


ө=*— Ж 1 in( 7) 
~ 0.03292 0.823 AW 


— 0.168 — 0.04 | 1 In( x 
~ 0.03292 0.823 40.005 
— 6.42 hr. 








This checks the reading off the plot of the original data on Figure 
9.3(d). 


section cannot be applied readily. The sizing of such equipment is 
essentially a scale-up of pilot plant tests in similar equipment. Some 
manufacturers make such test equipment available. The tests may 
establish the residence time and the terminal conditions of the gas 
and solid. Dusting behavior and possible need for recycling of gas 
or of dried material are among the other factors that may be noted. 

Such pilot plant data are cited for the rotary dryer of Example 
9.6. For the pneumatic conveying dryer of Example 9.8, the tests 
establish heat and mass transfer coefficients which can be used to 
calculate residence time under full scale operation. 

Scale-up factors as small as 2 may be required in critical cases, 
but factors of 5 or more often are practicable, particularly when the 
tests аге analyzed by experienced persons. The minimum 
dimensions of a test rotary dryer are 1 ft dia by 6 ft long. A common 
criterion is that the product of diameter and rpm be in the range 
25-35. A laboratory pneumatic conveying dryer is described by 
Nonhebel and Moss (1971). The vescel is 8cm dia by about 1.5m 
long. Feed rate suggested is 100 g/min and the air velocity about 
1 m/sec. They suggest that 6-12 passes of the solid through this 
equipment may be needed to obtain the requisite dryness becausc 
of limitations in its length. 

The smallest pilot spray dryer supplied by Bowen Engineering 
Co. is 30 in. dia by 2.5-6.0 ft high. Atomization is with 15 SCFM of 
air at 100psig. Air rate is 250 actual cfm at 150-1000°F. 
Evaporation rates of 15-80 lb/hr are attained, and particles of 
product range from 5 to 40 ит. 

A pilot continuous multitray dryer is available from the 
Wyssmont Co. It is 4 ft dia by 5 ft high with 9 trays and can handle 
25-200 lb/hr of feed. 

Batch fluidized bed dryers are made in quite small sizes, of the 
order of 100 Ib/hr of feed as the data of Table 9.14(a) show, and are 
suitable for pilot plant work. 


9.3. CLASSIFICATION AND GENERAL CHARACTERISTICS OF 
DRYERS 


Removal of water from solids is most often accomplished by 
contacting them with air of low humidity and elevated temperature. 
Less common, although locally important, drying processes apply 
heat radiatively or dielectrically; in these operations as in freeze 
drying, the role of any gas supply is that of entrainer of the 
humidity. 

The nature, size, and shape of the solids, the scale of the 
operation, the method of transporting the stock and contacting it 
with gas, the heating mode, etc. are some of the many factors that 
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EXAMPLE 9.3 

Drying with Changing Humidity of Air in a Tunnel Dryer 
A granular material deposited on trays or a belt is moved through a 
tunnel dryer countercurrently to air that is maintained at 170°F with 
steam-heated tubes. The stock enters at 1400lbdry/hr with 
W = 1.161ЪЛЬ and leaves with 0.11b/lb. The air enters at 5% 
relative humidity (Н, = 0.0125 10/6) and leaves at 60% relative 
humidity at 170°F (Н, = 0.203 Ib/Ib). The air rate found by moisture 
balance is 7790 Ib dry/hr: 








7790 Ib/hr 
STM 170 F, Н, = 
170 F, H, = 0.203 AL 0.0125 
1400 Ib/hr | W = 0.10 
W = 1.16 


Drying tests reported by Walker, Lewis, McAdams, and Gilliland, 
Principles of Chemical Engineering, McGraw-Hill, New York, 
(1937, p. 671) may be represented by the rate equation 


dw 
-100 =| 


0.28 (Ib/Ib)/hr, 
0.28(W — W.)/(0.58 — W,), 


0.58 < «146, у 
W, < W < 0.58. 


The air was at 95°F and 7% relative humidity, corresponding to а 
humidity driving force of H, — H, = 0.0082. Equilibrium moisture 
content as a function of the fraction relative humidity (RH), and 
assumed independent of temperature, is represented by 


W, = 0.0036 + 0.1539(RH) — 0.097(RH)?. (2) 
The critical moisture content is assumed indpendent of the drying 


rate. Accordingly, under the proposed operating conditions, the 
rate of drying will be 


0.28(H, — H,) 0.58 < W < 1.16, 
dW 0.0082 ’ 

—100—7 = (3) 
46 | 028, HW -W) и. < «0.58. 





0.0082(0.58 — 0.014} ” 


With moisture content of the stock as a parameter, the humidity of 
the air is calculated by moisture balance from 


Н, = 0.0125 + (1400/7790)(W — 0.1). (4) 


The corresponding relative humidities and wet bulb temperatures 
and corresponding humidities H, are read off a psychrometric chart. 
The equilibrium moisture is found from the relative humidity by 
Eq. (2). The various corrections to the rate are applied in Eq. (3). 
The results are tabulated, and the time is found by integration of 
the rate data over the range 0.1 < W < 1.16. 


И Н, H; RH W, Rate — 1/Rate 
1.16 0.203 0.210 0.239 4.184 
1.00 0.174 0.182 0.273 3.663 
0.9 0.156 0.165 0.303 3.257 
0.8 0.138 0.148 0.341 2.933 
0.7 0.120 0.130 0.341 2.933 
0.58 0.099 0.110 0.335 0.044 0.356 2.809 
0.50 0.084 0.096 0.29 0.040 0.333 3.003 
0.4 0.066 0.080 0.24 0.035 0,308 3.247 
0.3 0.048 0.061 0.18 0.028 0.213 4.695 
0.2 0.030 0.045 0.119 0.021 0.162 6.173 
0.1 0.0125 0.0315 0.050 0.011 0.102 3.804 


The drying time is 


0.10 
e- | dw 4 2hr, 
1 


Tate by trapezoidal rule. 
16 


The length of tunnel needed depends on the space needed to 
ensure proper circulation of air through the granular bed. If the bed 
moves through the dryer at 10 ft/hr, the length of the dryer must be 
at least 42 ft. 











have led to the development of a considerable variety of equipment. 
The most elaborate classification of dryers is that of Króll (1978) 
which assigns one of 10 letters for the kind of solid and one of seven 
numbers for the kind of operation. Аз modified by Keey (1972), it 
comprises 39 main classes and a total of 70 with subclasses. Less 
comprehensive but perhaps more practical classifications are shown 
in Table 9.1. They take into account the method of operation, the 
physical form of the stock, special features, scale of production, and 
drying timc. 

In a later section, the characteristics and performances of the 
most widely used equipment will be described in some detail. Many 
types are shown in Figure 9.4. Here some comparisons are made. 
Evaporation rates and thermal efficiencies are compared in Table 
9.2, while similar and other data appear in Table 9.3. The wide 
spreads of these numbers reflect the diversity of individual designs 
of the same general kind of equipment, differences in moisture 
contents, and differences in drying properties of various materials. 


Fluidized bed dryers, for example, are operated as batch or 
continuous, for pharmaceuticals or asphalt, at rates of hundreds or 
many thousands of pounds per hour. 

An important characteristic of a dryer is the residence time 
distribution of solids in it. Dryers in which the particles do not move 
relatively to each other provide uniform time distribution. In spray, 
pneumatic conveying, fluidized bed, and other equipment in which 
the particles tumble about, a substantial variation in residence time 
develops. Accordingly, some particles may overdry and some 
remain wet. Figure 9.5 shows some data. Spray and pneumatic 
conveyors have wide time distributions; rotary and fluidized bed 
units have narrower but far from uniform ones. Differences in 
particle size also lead to nonuniform drying. In pneumatic con- 
veying dryers particularly, it is common practice to recycle a 
portion of the product continuously to ensure adequate overall 
drying. In other cases recycling may be performed to improve the 
handling characteristics when the feed material is very wet. 
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EXAMPLE 9.4 
Effects of Moist Air Recycle and Increase of Fresh Air Rate in 
Belt Сопуеуог Drying 

Tbe conditions of Example 9.3 are taken except that recycle of 


moist air is employed and the equilibrium moisture content is 
assumed constant at W, — 0.014. The material balance in terms of 
the recycle ratio А appears on the sketch: 


А = 7790 В 
W = 1581.4 В 





А = 7790 
W = 1581.4 


S = 1400 n 
W - 140 


Humidity of the air at any point is obtained from the water balance 










170° F 


Y 


A = air, W = water, $ = dry solid 











1581.4R + 97.4 + 1400(W — 0.1) 


н, TOR + 1) (1) 
The vapor pressure is 

р, = exp[11.9176 — 7173.9/(T; + 389.5)] atm. (2) 
The saturation humidity is 

Н,-(18/29р,/(1-р.). (3) 
Тһе heat capacity is 

C = 0.24 + 0.45H,. (4) 


With constant air temperature of 170°F, the equation of the 
adiabatic saturation line is 
А 900 
170- T, = GU, - Hy) = (Н,-Н,). (5) 


The drying rate equations above and below the critical moisture 
content of 0.58 are 











R=0 
Ww т. 1 / Rate 
1.16 150.21 3.962? 
1 ий 145.92 3.4818 
эй 142.86 3.10423 
бй 139.45 2.8265 
(тй 125.62 2.5918 
бй 131.24 2 3688 
бй 126.13 2 7 
ай 128 25 2 
за 113.88 3 
.g8 184.15 4 
18 32.45 9 





dW 
-10077 
_ [34.15(В-+ 1 (H, — H,), 


| 0.58<W<1.16, (6) 
~ 160.33(R + 1? *(H, — H,)(W — 0.014), 


W < 0.58. (7) 


When fresh air supply is simply increased by a factor R + 1 and no 
recycle is employed, Eq. (1) is replaced by 








н. -ILAR + 1) + 14000 — 0.1) 


в 7790(R + 1) (8) 


The solution procedure is: 


в“ 


. Specify the recycle ratio R (Ibs recycle/Ib fresh air, dry air basis). 

2. Take a number of discrete values of W between 1.16 and 0.1. 
For each of these find the saturation temperature 7, and the 
drying rates by the following steps. 

. Assume a value of Т,. 

4. Find H,, P,, Н,, and C from Eqs. (1)-(4). 

5. Find the value of Т, from Eq. (5) and compare with the assumed 
value. Apply the Newton-Rapbson method with numerical 
derivatives to ultimately find the correct value of Т, and the 
corresponding value of H,. 

6. Find the rate of drying from Eqs. (6), (7). 

7. Find the drying time by integration of the reciprocal rate as in 
Example 9.3, with the trapezoidal rule. 

The printout shows saturation temperatures and reciprocal 
rates for R — 0, 1, and 5 with recycle; and for R = 1 with only the 
fresh air rate increased, using Eq. (8). The residence times for the 
four cases are 


[20 


К = 0, moist air, 0 = 3.667 hrs 
= 1, moist air, = 2.841 
= 5, moist air, = 1.442 
= 1, fresh air, = 1.699. 


Although recycling of moist air does reduce the drying time 
because of the increased linear velocity, an equivalent amount of 
fresh air is much more effective because of its lower humidity. The 
points in favor of moist air recycle, however, are saving in fuel 
when the fresh air is much colder than 170?F and possible avoidance 
of case hardening or other undesirable phenomena resulting from 
contact with very dry air. 


В = 1, fresh air 

















W Tg 1/ Rate 

1.16 132.62 1. 3378 

1.68 128.81 1.2955 
‚ев 126.13 1.23195 
SH 123.35 1.1815 
‚ей 128.25 1.1248 
Ес Lib BS 1.86323 
‚эп 116.12 1.8552 
28 113. 88 1.1833 
Jak 198.88 1.4112 
.iB 184.15 1.7979 
‚ай 58.74 2.6814 
.18 22.43 5.2893 
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EXAMPLE 9.4—(continued) 


R = 1, moist air 








w T, 1 / Rate 

1.1Е 158 21 2.2760 

1.8й 148.15 2.1843 
‚эй 146.77 2.8888 
ӘН 145.33 1.9181 
7H 142.81 1.8323 
.68 142.21 1.7509 
.S8 141.88 1.7251 
‚вй 148.52 1.9534 
‚4й 138.72 2.3526 
за 136.82 3.0255 
28 134.79 4.4741 
18 132.62 9.3882 


18 | Example 9.4. Belt conversor 
drins 
Әй Есі ! change tar other cases 


zm INFUT W 
48 HI=C1S51. 4XCR+19+97 44+1400%6 


В = 5, moist air 








үу Ts 1 / Rate 
1.16 158.21 ‚9451 
: ая 149.54 5265 
ган i43. 11 ЕЗІЛЕ 
S88 142 68 ,83168 
Fe 148 24 arre 
GA 147.73 S&H 
‚б 14r.rü ней 
E88 147.34 . 9918 
‚да 146.87 1.2382 
Aa 146.48 1.6264 
ра 145.92 2.4824 
18 145,43 5.3285 


Й IF ABSCK/4T><=.866601 THEN 168 

я GOTU 78 

A PRINT USING 170 ; W.T.1-R1 1 
Subst RZ for R1 when H<.58 





M—.123277T798-CRF12 176 IMAGE D.DD,2N.DDD.DD,2x.,D.DU 
48 ! H1-2€C93?.4X«R-1»5*148080xXCH-.12 ПП 
»4T?Y9857"CR-*15 ! Replace line 175 GOTO 38 
4й with this when no recycle 188 ENO 
is used. 20A ! SR for sat teme 
сй D2.204*.45XH1 218 P=EXP¢C11.9176-7173.9-¢CT4+289. 
бй Т=129 ! Trial sat temr 58232 
ға GOSUB 200 220 Hz.621XPFP^C1-P»? ! zat humidit 
30 Y1=¥ > 
Эй Tz1.0881XT 238 Y-l1v80-T-390ü0XCH-H15-^C 
180 GOSUB 246 240 R1-34.15*CR*-1?^.8XCH-H1» 
118 Ұрт-Ү 250 RE=68. 33 (R+13%  BkCH-HIIKCH- 
128 Kz-z.80801XTXYi1^cT2-Y15 28140 
138 T-2-T-1.88081-K ! Newton-Rarhsa 260 RETURN 
n 278 END 
PRODUCTS COSTS 


More than one kind of dryer may be applicable to a particular 
product, or the shape and size may be altered to facilitate handling 
in a preferred kind of machine. Thus, application of through- 
circulation drying on tray or belt conveyors may require prior 
extrusion, pelleting, or briquetting. Equipment manufacturers know 
the capabilities of their equipment, but they are not always reliable 
guides to comparison with competitive kinds since they tend to 
favor what they know best. Industry practices occasionally change 
over a period of time. For example, at one time rotary kilns were 
used to dry and prepare fertilizer granules of a desired size range by 
accretion from concentrated solutions onto the mass of drying 
particles. Now this operation is performed almost exclusively in 
fluidized bed units because of economy and controlability of dust 
problems. 

Typical examples of products that have been handled 
successfully in particular kinds of dryers are listed in Table 9.4. The 
performance data of later tables list other examples. 


Differences in thermal economies are stated in thc comparisons of 
Table 9.2 and other tables. Some equipment cost data are in 
Chapter 20. When the capacity is large enough, continuous dryers 
аге less expensive than batch units. Those operating at atmospheric 
pressure cost about 1/3 as much as those at vacuum. Once-through 
air dryers are one-half as expensive as recirculating gas equipment. 
Dielectric and freeze driers are the most expensive and are 
justifiable only for sensitive and specialty products. In the range of 
1-50 Mtons/yr, rotary, fluidized bed and pneumatic conveying 
dryers cost about the same, although there are few instances where 
they are equally applicable. 


SPECIFICATION FORMS 


A listing of key information relating to dryer selection and design is 
in Table 9.5. Questionnaires of manufacturers of several kinds of 
dryers are in Appendix C. 


9.4. BATCH DRYERS 


Materials that require more than a few minutes drying time or are 
in small quantity are treated on a batch basis. If it is granular, the 
material is loaded on trays to a depth of 1-2in. with spaces of 
approximately 3 in. between them. Perforated metal bottoms allow 
drying from both sides with improved heat transfer. Hot air is 
biown across or through the trays. Cross velocities of 1000 ft/min 
are feasibie if dusting is not a problem. Since the rate of 
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evaporation increases roughly with the 0.8 power of the linear 
velocity, high velocities are desirable and are usually achieved by 
internal recirculation with fans. In order to maintain humidity at 
operable levels, venting and fresh air makeup are provided at rates 
of 5-50% of the internal circulation rate. Rates of evaporation of 
0.05—0.4 Ib/(hr)(sqft tray area) and steam requirements of 
1.5-2.3 Ibs/Ib evaporation are realized. 

Drying under vacuum is commonly practiced for sensitive 
materials. Figure 9.6 shows cross and through circulation tray 





(a) Classification of dryers based on method of operation 


Dryer 


Batch 


—— 


Convection 


Conduction Conduction 






Vacuum Atmos. Vacuum 














"EN Through- 
Agit 


Preform 




























Paste Liquid Paste 


Preform Slurry Preform| | Granular 
Hard Paste Hard Fibrous 
Granular | | Granular | {Granular 





Fibrous 
Sheet 


Fibrous 
Sheet 


Atmos. 


Hard 
Granular 
Fibrous 





Continuous 


Convection 


Preform 
Granular 


Fibrous | | Fibrous 





(5) Classification of dryers based on physical form of feed 


Wet feed 


Evaporate Evaporate 


——. 
or back-mix 
Pumpable slurry 

or suspension 






Soft paste 
or sludge 







Preformed 
paste 






Agitated batch Agitated batch Vacuum tray Vacuum tray 

































Drum Vacuum band Agitated batch Convection tray 
Spray Drum Convection tray Batch through- 
Spray Fluid bed circulation 
Vacuum band Fluid bed 
Drum Pneumatic 
Spray Convection band 
Pneumatic Cont. tray 
Convection band Cont. through- 


Cont. tray circulation 





























Grind 
or preform 
Hard paste Free-flowing Fibrous Sheet 
or matrix granular or solid 
crystalline 
solid 


Granular 


Vacuum tray 
Agitated batch 
Convection tray 








Vacuum tray ! 
Convection tray 


Batch through- 


Vacuum tray 
Convection tray 
Indirect rotary 


Vacuum tray 
Convection tray 
Drum 





Cont. tray Batch through- circulation Cont. tray 
circulation Fluid bed 
Fluid bed Indirect rotary 
Indirect rotary Pneumatic 
Pneumatic Direct rotary 
Direct rotary Convection band 
Cont. tray Cont. tray 


Cont. through- 
circulation 


Cont. through- 
circulation 








8 See Figure 9.4 for sketches of dryer types. 
{Items (a)- (d) by Nonhebel and Moss, 1971, pp. 45, 48-501. 


242 DRYERS AND COOLING TOWERS 


TABLE 9.1—(continued) 


(с) 


Classification of dryers by scale of production 


Process 


Small scale 
to 20/50 kg/h 





Batch 


Medium scale 
50 to 1000 kg/h 


Large scale 
tonnes/h 








Continuous 


Continuous 









Vacuum tray 
Agitated 
Convection tray 
Through-circulation 
Fluid bed 


Agitated 
Through-circulation 
Fluid bed 





(d) 











Fluid bed Indirect rotary 


Vacuum band Spray 
Indirect rotary Pneumatic 
Spray Direct rotary 
Pneumatic Fluid bed 
Band 
Tray 








Through-circulation 


Classification of dryers by suitability for special features 


Process 








| 





| 





Hazards Sensitive product 
Special form Low capit... 
of product Cost per unit 
| of output 
Dust Toxic Flame Temperature Mechanical Oxidation 















Agitated batch 
Vacuum band 


Agitated batch 
Vacuum band 


Agitated batch 
Through-circulation 
Fluid bed 
Vacuum band 
Pneumatic 


Agitated batch 
Vacuum band 
Indirect rotary 

















arrangements. The typical operating data of Table 9.6 cover a wide 
range of drying times, from a fraction of an hour to many hours. 
Charging, unloading, and cleaning are labor-intensive апа 
time-consuming, as much as 5-6 hr for a 200-tray dryer, with trays 
about Ssqft and 1-1.5іп. deep, a size that is readily handled 
manually, They are used primarily for small productions of valuable 
and thermally sensitive materials. Performance data are in Tables 
9.6(b) and (c). 

Through circulation dryers employ perforated or open screen 
bottom tray construction and have baffles that force the air through 
the bed. Superficial velocities of 150 ft/min are usual, with pressure 
drops of lin. or so of water. If it is not naturally granular, the 
material may be preformed by extrusion, pelleting, or briquetting so 
that it can be dried in this way. Drying rates are greater than in 
cross flow. Rates of 0.2-2]b/(hr)(sgft tray area) and thermal 
efficiencies of 50% are realized. Table 9.7(d) has performance data. 

Several types of devices that are used primarily for mixing of 
granular materials have been adapted to batch drying. Examples 
appear in Figure 9.8. They are suited to materials that do not stick 
to the walls and do not agglomerate during drying. They may be 
jacketed or provided with heating surfaces in the form of tubes or 
platecoils, and are readily arranged for operation under vacuum 
when handling sensitive materials. The double-cone tumbler bas 







'Through-circulation 

Vacuum band 
Cont. band 
Cont. tray 


Vacuum tray 
Vacuum band 
Spray 


IThrough-circulation 
Vacuum band 
Spray 
Drum 


Fluid bed 
Direct rotary 














been long established. Some operating data are shown in Table 9.7. 
It and V-shaped dryers have a gentle action that is kind to fragile 
materials, and are discharged more easily than stationary cylinders 
or agitated pans. The fill proportion is 50-70%. When heated with 
2atm steam and operating at 10 Torr or so, the evaporation rate is 
0.8-1.0 Ib/(hr)(sqft of heating surface). 

Fixed cylinders with rotating ribbons or paddles for agitation 
and pans with vertical agitators are used to a limited extent in batch 
operation. Pans are used primarily for materials that become sticky 
during drying. Table 9.7 and Figure 9.7 are concerned with this kind 
of equipment. 

A detailed example of capital and operating costs of a jacketed 
vacuum dryer for a paste on which they have laboratory drying data 
is worked out by Nonhebel and Moss (1971, p. 110). 

Fluidized bed dryers are used in the batch mode on a small 
scale. Table 9.14(a) has some such performance data. 


9.5. CONTINUOUS TRAY AND CONVEYOR BELT DRYERS 


Trays of wet material loaded on trucks may be moved slowly 
through a drying tunnel: When a truck is dry, it is removed at one 
end of the tunnel, and a fresh one is introduced at the other end. 
Figure 9.8(c) represents such equipment. Fresh air inlets and humid 
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TABLE 9.2. Evaporation Rates and Thermal Efficiencies of Dryers 

















Efficiency? 
Equipment Figure 9.4 (Ib/hr)/saft (Ib/hr)/cuft (96) 
Beit conveyor e 46-58 
Shelf 
Flow through a 0.02-2.5 18-41 
Fiow past a 0.02-3.1 18-41 
Rotary 
Roto-louvre 7.2-15.4 23-66 
Paraliel current direct fired 5.1-16.4 65 
Parallel current warm air f 6.1-16.4 50 
Countercurrent direct fired 6.1—16.4 60 
Countercurrent warm air f 6.1-16.4 45 
Steam tube h 6.1--16.4 85 
Indirect fired g 6.1-16.4 25 
Tunnel 36-42 
Pneumatic 
0.5 mm dia granules о 6.2 26-63 
1.0mm 1.2 26-63 
5 тт 0.25 26-63 
Spray m 0.1-3 21-50 
Fluidized bed n 50—160 20—55 
Drum І 1,4—5.1 36—73 
Spiral agitated 
High moisture i 1-3.1 36—63 
Low moisture i 0.1—0.5 36—63 
Splash paddle k 5.6 65—70 
Scraped multitray d 0.8-1.6 
? Efficiency is the ratio of the heat of evaporation to the heat input to the dryer. 
TABLE 9.3. Comparative Performances of Basic Dryer Types 
Basic Dryer Type 
Tray Conveyor Rotary Spray Flash Fluid Bed 
Product filter cake clay sand TiO; spent grain coal 
Drying time (min) 1320 9.5 12 «1.0 «1.0 2.0 
Inlet gas temperature (°F) 300 420 1650 490 1200 1000 
Initial moisture (% dry basis) 233 25 6 100 150 16 
Final moisture (% dry basis) 1 5.3 0.045 0 14 7.5 
Product loading (Ib дгу/Н?} 3.25 16.60 N.A. М.А. М.А. 21 in. deep 
Gas velocity (ft/min) 500 295 700 50 2000 1000 
Product dispersion in gas slab packed bed gravity flow spray dispersed fluid bed 
Characteristic product shape thin slab extrusion granules spherical grains Zin. particles 
drops 
Capacity [Ib evap./(hdryer area)] 0.34 20.63 1.85? 0.27* 10? 285 
Energy consumed (Btu/ib evap.) 3000 1700 2500 1300 1900 2000 
Fan [hp/(Ib evap./h)] 0.042 0.0049 0.0071 0.019 0.017 9.105 





а 10 evap./(h)(dryer, volume). 


(Wentz and Thygeson, 1979: tray column from Perry, Chemical Engineers’ Handbook, 4th ed., р. 20-7; conveyor and spray columns 
from Proctor and Schwartz, Division of SCM; rotary, flash, and fluid bed columns from Williams—Gardner, 1971, pp. 75, 149, 168, 193). 


air outlets are spaced along the length of the tunnel to suit the rate 
of evaporation over the drying curve. This mode of operation is 
suited particularly to long drying times, from 20 to 96 hr for the 
materials of Table 9.6(e). 

In the rotating tray assembly of Figure 9.8(a), material enters 
at the top and is scraped onto successive lower trays after complete 
revolutions. А leveler on each tray, shown in Figure 9.8(b), ensures 
uniform drying. Although the air flow is largely across the surface of 
the bed, the turnover of the material as it progresses downward 
makes the operation more nearly through-circulation. A cooling 
zone is readily incorporated in the equipment. The contacting 
process is complex enough that laboratory tray drying tests are of 


little value. A pilot plant size unit is cited in Section 9.2. Some 
industrial data on rotary tray drying are in Table 9.9, and some 
other substances that have been handled successfully in this 
equipment are listed in Table 9.4. 

An alternate design has fixed jacketed trays for indirect 
heating. Scrapers attached to the central shaft drop the material 
from tray to tray. Like the rotating tray equipment, this equipment 
is limited to free flowing materials, but has the advantage of being 
essentially dust free. 

Equipment developed essentially for movement of granular 
solids has been adapted to drying. Screw conveyors, for instance, 
have been used but are rarely competitive with belt conveyors, 
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Figure 9.4. Types of dryers cited in Tables 9.1 and 9.2. (a) Tray or compartment. (b) Vacuum tray. (c) Vertical agitated batch vacuum drier. 
(d) Continuous agitated tray vertical turbo. (e) Continuous through circulation. (f) Direct rotary. (g) Indirect rotary. (h) Agitated batch 
rotary (atmos or vacuum). (i) Horizontal agitated batch vacuum drier. (j) Tumble batch dryer. (k) Splash dryer. (1) Single drum. (m) Spray. 
(n) Fluidized bed dryer. (о) Pneumatic conveying (mostly after Nonhebel and Moss, 1971). 
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Pneumatic conveying dryer 


Rotary or fluid Беа dryer 


Amount of sample at dryer discharge in time 


Time —— 


(a) 





Time, s——- 


(b) 


Х ideal míxing curve 


o sodium sulfite 


е ferrous sulfate 





(с) 


Figure 9.5. Residence time distribution in particle dryers. (a) Four 
types of dryers (McCormick, 1979). (b) Residence time distribution 
cf air in a detergent spray tower; example shows that 2796 
(difference between the ordinates) has a residence time between 24 
and 32 sec [Place et al., Trans. Inst. Chem. Eng. 37, 268 (1959)]. (c) 
Fluidized bed drying of two materials (Vanacek et al., Fluidized Bed 
Drying, 1966). 


particularly for materials that tend to degrade when they are 
moved. From the point of view of drying, belt conveyors are of two 
types: with solid belts and air flow across the top of the bed, called 
convection drying, or with perforated belts and through circulation 
of the air. The screw conveyor of Figure 9.8(f) has indirect heating. 

Solid belts are used for pastes and fine powders. Through 
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TABLE 9.4. Examples of Products Dried in Specific Kinds of 
Equipment 


1. Spray dryers: rubber chemicals, sulfonates, inorganic phosphates, 
ceramics, kaolin, coffee, detergents, pharmaceuticals, pigments, 
inks, lignosulfonate wood waste, melamine and urea formaldehyde 
resins, polyvinyl chloride, microspheres, skim milk, eggs, starch, 
yeast, silica gel, urea, salts 

2. Drum dryers: potatoes, cereals, buttermilk, skim milk, dextrins, 
yeasts, instant oat meal, polyacylamides, sodium benzoate, 
propionates, acetates, phosphates, chelates, aluminum oxide, 
m-disulfuric acid, barium sulfate, calcium acetate—arsenate- 
carbonate-hydrate-phosphate, caustic, ferrous sulfate, glue, lead 
arsenate, sodium benzene sulfonate, and sodium chloride 

3. Vacuum drum dryers: syrups, malted milk, skim milk, coffee, malt 
extract, and glue 

4. Vacuum rotary dryers: plastics, organic polymers, nylon chips, 
chemicals of all kinds, plastic fillers, plasticizers, organic thickeners, 
cellulose acetate, starch, and sulfur flakes 

4. Belt conveyor dryers: yeast, charcoal briquettes, synthetic rubber, 
catalysts, soap, glue, silica gel, titanium dioxide, urea formaldehyde, 
clays, white lead, chrome yellow, and metallic stearates 

8. Pneumatic conveyor dryers: yeast filter cake, starch, whey, sewage 
sludge, gypsum, fruit pulp, copper sulfate, clay, chrome green, 
synthetic casein, and potassium sulfate 

7. Rotary multitray dryer: pulverized coal, pectin, penicillin, zinc 
sulfide, waste slude, pyrophoric zinc powder, zinc oxide pellets, 
calcium carbonate, Бойс acid, fragile cereal products, calcium 
chloride flakes, caffein, inorganic fluorides, crystals melting near 
100°F, prilled pitch, electronic grade phosphors, and solvent-wet 
organic solids 

8. Fluidized bed dryer: lactose base granules, pharmaceutical crystals, 
weed killer, coal, sand, limestone, iron ore, polyvinyl chloride, 
asphalt, clay granules, granular desiccant, abrasive grit, and salt 

9. Freeze dryers: meet, seafood, vegetables, fruits, coffee, 
concentrated beverages, pharmaceuticals, veterinary medicines, 
and blood plasma 

10. Dielectric drying: baked goods, breakfast cereals, furniture timber 
blanks, veneers, plyboard, plasterboard, water-based foam plastic 
slabs, and some textile products 

11. infrared drying: sheets of textiles, paper and films, surface finishes 
of paints and enamels, and surface drying of bulky nonporous 
articles. 


circulation belts are applied to granules more than about 3 mm in 
narrowest dimension. When the feed is not in suitable pranular 
form, it is converted in a preformer to a size range usually of 
3-15 mm. Belts are made of chain mail mesh or metal with 2 тт 
perforations or slots of this width. 

Several arrangements of belt dryers are shown in Figures 
9.8(c)-(e). In the wet zone, air flow usually is upward, whereas in 
the drier and cooling zones it is downward in order to minimize 
dusting. The depth of material on the belt is 1-8 in. Superficial air 
velocities of 5ft/sec usually are allowable. Тһе multizone 
arrangement of Figure 9.8(e) takes advantage of the fact that the 
material becomes lighter and stronger and hence can be loaded 
more deeply as it dries. Each zone also can be controlled separately 
for air flow and temperature. The performance data of Table 9.9 
cover a range of drying times from 11 to 200 min, and thermal 
efficiencies are about 50%. 

Laboratory drying rate data of materials on trays are best 
obtained with constant air conditions. Along a belt conveyor or in a 
tray-truck tunnel, the moisture contents of air and stock change 
with position. Example 9.3 shows how constant condition drying 
tests can be adapted to belt conveyor operation. The effects of 
recycling moist air and of increasing the air velocity beyond that 
studied in the laboratory tests are studied in Example 9.4. Recycling 
does reduce drying time because of the increased air velocity, but it 
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TABLE 9.5. Specification Form for a Dryer? 





1. Operation 


2. Feed 


3. Product 


4. Design restraints 


5. Utilities 


6. Present method of drying 


mode 

operating cycle 

(a) material to be dried 
(b) feed rate 

(c) nature of feed 


(d) physical properties of solids: 
initial moisture content 
hygroscopic-moisture content 
heat capacity 

bulk density, wet 

particle size 

moisture to be removed: 
chemical composition 
boiling point at 1 bar 

heat of vaporization 

heat capacity 

(f) feed material is 


(e 


(g) source of feed 
(a) final moisture content 


(b) equilibrium-moisture content at 60?6 r.h. 


(c) bulky density 
(d) physical characteristics 


(a) maximum temperature when wet 
when dry 
(b) manner of degradation 
(c) material-handling problems, 
when wet 
when dry 
(d) will flue-gases contaminate product? 
(e) space limitations 
(a) steam available at 
maximum quantity 
costing 
(b) other fuel 
at 
with heating value 
costing 
(c) electric power 
frequency 
phases 
costing 


7. Rate-of-drying data under constant external conditions: 


or data from existing plant 


8. Recommended materials of construction 


(a) parts in contact with wet material 
(b) parts in contact with vapors 


ё Questionnaires of several manufacturers are in Appendix C. 


(Keey, 1972, p. 325). 


is not as effective in this regard as the same increase іп the amount becomes 
of fresh air. Recycling is practiced, however, to reduce heat 


consumption when the fresh air is cold and to minimize possible 


H, 


_ 97.ҖЕ + 1) + 1400(1.16 — W) 


batch/continuous 

——h 

—— kg/h 

solution/slurry/sludge/granular/ 
fibrous/sheet/bulky 


—— kg/kg 
—— kg/kg 
—— kJ/kg?C 
-- kg/m? 
—— mm 


— = 

—— MJ/kg 

—— kJ/kg*C 

scaling/corrosive/toxic/abrasive/ 
explosive 


granular/flaky/fibrous/powdery/ 
sheet/bulky 

— °С 

—— °С 


— bar pressure (109 N/m?) 





undesirable effects from over-rapid drying with low humidity air. 8 
Parallel current operation also avoids overrapid drying near the 


end. For parallel flow, the moisture balance of Example 9.4 


7T90(R + 1) 


(9.16) 


and replaces line 30 of the computer program. 


Air exhaust 





Heater 
section 


003339900900 
avon erro crono | Н 
oo0009go0Q0o00000 |М 





























DRY AIR 
INTAKE 

END ENTRANCE SIDE EXIT FOR 
FOR WET TRUCKS DRY TRUCKS 


(c) 





INDIRECT HEATING 
SYSTEM 


Figure 9.6. Tray dryer arrangements, batch and continuous. 
Performance data are in Table 9.5. (a) Air flow across the surfaces 
of the trays. (b) Air circulation forced through the beds on the trays 
(Proctor and Schwartz Inc.). (c) Continuous drying of trays 
mounted on trucks that move through the tunnel; air flow may be in 
parallel or countercurrent (P.W. Kilpatrick, E. Lowe, and W.B. 
Van Arsdel, Advances in Food Research, Academic, New York, 
1955, Vol. VI, p. 342). 


Тһе kind of data desirable in the design of through-circulation 
drying are presented for a particular case by Nonhebel and Moss 
(1971, p. 147). They report on effects of extrusion diameters of the 
original paste. the bed depth, air linear velocity, and air inlet 
humidity, and apply these data to a design problem. 
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9.6. ROTARY CYLINDRICAL DRYERS 


Rotating cylindrical dryers are suited for free-flowing granular 
materials that require drying times of the order of lhr or less. 
Materials that tend to agglomerate because of wetness may be 
preconditioned by mixing with recycled dry product. 

Such equipment consists of a cylindrical shell into which the 
wet material is charged at one end and dry material leaves at the 
other end. Figure 9.9 shows some examples. Drying is accomplished 
by contact with hot gases in parallel or countercurrent flow or with 
heat transfer through heated tubes or double shells. Designs are 
available in which the tubes rotate with the shell or are fixed in 
space. 

Diameters typically are 4—10 ft and lengths are 4—15 diameters. 
The product of rpm and diameter is typically between 25 and 35. 
Superficial gas velocities are 5-10 ft/sec; but lower values may be 
needed for fine products, and rates up to 35 ft/sec may be allowable 
for coarse materials. To promote longitudinal travel of the solid, the 
shell is mounted on a slope of 1 in 40 or 20. 

In a countercurrent dryer the exit temperature of the solid 
approaches that of the inlet gas. In a parallel current dryer, the exit 
gas is 10-20°С above that of the solid. For design purposes the 
temperature of the exit solid in parallel low may be taken as 100°С. 

Flights attached to the shell lift up the material and shower it as 
a curtain through which the gas flows. Cross sections of some dryers 
are shown in Figure 9.10. The shape of flights is a compromise 
between effectiveness and ease of cleaning. The number is between 
2 and 4 times the diameter of the shell in feet, and their depth is 
between 15 and } of the diameter. Holdup in the dryer depends on 
details of design and operation, but 7-8% is a usual figure. 
Cross-sectional holdup is larger at the wet end than at the dry end. 
An 85% free cross section commonly is adopted for design 
purposes; the rest is taken up by flights and settled and cascading 
solids. 

Residence time depends on the nature of the material and 
mechanical features of the dryer. The performance data of Table 
9.10 show a range of 7-90 min. A formula cited by Williams- 
Gardner (1971, p. 133) for the geometrical residence time is 


Ө = kLÍnDS, (9.17) 
where L is the length, D is the diameter, n is rpm, апа $ is the slope 
(in./ft). The coefficient А varies from 3 to 12 for various 
countercurrent single shell dryers. The formula may be of some 
value in predicting roughly the effects of changes in the quantities 
included in it. 

The only safe way of designing a rotary dryer is based on pilot 
plant tests or by comparison with known performance of similar 
operations. Example 9.5 utilizes pilot plant data for upscaling а 
dryer. The design of Example 9.6 also is based on residence time 
and terminal conditions of solid and air established in a pilot plant. 

When heating by direct contact with hot gases is not feasible 
because of contamination or excessive dusting, dryers with jacketed 
shells or other kinds of heat transfer surfaces are employed. Only 
enough air to entrain away the moisture is employed. The 
temperature of the solid approaches the boiling temperature of the 
water in the constant rate period. Figure 9.10 shows designs in 
which the heating tubes are fixed in space or are attached to the 
rotating shell. Table 9.10 gives some performance data. 

Combined indirect and indirect dryers pass the hot gases first 
through a jacket or tubes, and then wholly or in part through the 
open dryer. Efficiencies of such units are higher than of direct units, 
being in the range 60-80%. Table 9.10(d) shows performance data. 
Since the surfaces are hot, this equipment is not suitable for 


TABLE 9.6. Performance Data of Batch Tray and Tray-Truck Dryers 


(a) Cross-Flow Operation 





Coated Aspirin Base 

Tablets PTFE ranules Stearates 
Capacity, wet charge (Ib) 120 80 56 20,000 
Number of trays 40 20 20 320 
Tray area (ft^) 140 70 70 4800 
Depth of loading (in.) 0.5 1.0 0.5 2.0 
Initial moisture (% w/w basis) 25 25—30 15 71 
Final moisture (% w/w basis) nil 0.4 0.5 0.5 
Maximum air temperature (°F) 113 284 122 200 
Loading (Ib/ft?) 0.9 12 0.4 0.9 
Drying time (hr) 12 5.5 14 24 
Overall drying rate (Ib/hr) 2.6 5.3 0.84 62.5 
Evaporative rate (Ib/hr/ft?) 0.0186 0.05 0.008 0.013 
Total installed HP 1 1 1 45 


Chalk 


1800 
72 
1130 
2.0 
46 
2.0 
180 
0.91 
4.5 
185 
0.327 
6 


Filter Filter Filter 
Cake Cake Cake 
3000 2800 4300 
80 80 80 
280 280 280 
1.0 1.0 1.5 
70 70 80 
1.0 1.0 0.25 
300 200 200 
3.25 3.04 11.7 
22 45 12 
96.6 43.2 90 
0.341 0.184 0.317 
4 2 2 


(Williams—Gardner, 1971, p. 75, Table 12: first three columns courtesy Calmic Engineering Co.; last five columns courtesy A.P.V.—Mitchell 


(Dryers) Ltd.) 


(b) Vacuum Dryers with Steam Heated Shelves 


(Proctor and Schwartz Co.). 
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Soluble Paint Ferrous Ferrous Lithium Tungsten  Stabilized 
Aspirin Pigment Glutinate Succinate Hydroxide Alloy Diazamin 
Capacity, wet product (Ib/h) 44 30.5 41.6 52.5 36.8 12.8 4.6 
Tray area (ft^) 108 108 108 108 54 215 172 
Depth of loading (in.) 1 2 0.5 1 1 0.5 0.75 
Initial moisture (% w/w basis) 72.4 49.3 25 37.4 59 1.6 22.2 
Final moisture (% w/w basis} 1.25 0.75 0.5 18.8 0.9 nil 0.5 
Max temp (°F) 104 158 203 203 122 239 95 
Loading [Ib charge (wet) ft^] 6.1 102 2.3 1.94 3.08 7.16 1.22 
Drying time (hr) 15 36 6 4 4.5 12 48 
Overall drying rate (Ib moisture evaporated/ft /hr) 0.293 0.14 0.11 0.11 0.034 0.013 0.0058 
Total installed HP 6 6 6 6 3 2 5 
Vacuum (in. Hg) 29.5 28 27 27 27 29 22-23 
(Williams—Gardner, 1971, p. 88, Table 15: courtesy Calmic Engineering Co.). 
(c) Vacuum Dryers with Steam-Heated Shelves 
Calcium Calcium 
Material Sulfur Black Carbonate Phosphate 
Loading (kg dry material/m?) 25 17 83 
Steam pressure (kPa gauge) 410 410 205 
Vacuum (mm Hg) 685—710 685—710 685-710 
Initial moisture content (%, wet basis) 50 50.3 30.6 
Final moisture content (96, wet basis) 1 1.15 43 
Drying time (hr) 8 7 6 
Evaporation rates (kg/sec m?) 89x10 * 7.9x 107? 6.6 x 10° 
(Chemical Engineers’ Handbook, McGraw-Hill, New York, 1984, p. 20.23, Table 20.8). 
(d) Through Circulation Dryers 
Granular Vegetable 
Kind of Material Polymer Vegetable Seeds 
Capacity (kg product/hr) 122 42.5 27.7 
Number of trays 16 24 24 
Tray spacing (cm) 43 43 43 
Tray size (cm) 91.4 x 104 91.4 x 104 85 x 98 
Depth of loading (cm) 7.0 6 4 
Physical form of product crumbs 0.6-cm diced washed 
cubes seeds 
Initial moisture content (%, dry basis) 11.1 669.0 100.0 
Final moisture content (%, dry basis) 0.1 5.0 9.9 
Air temperature (°C) 88 77 dry-bulb 36 
Air velocity, superficial (m/sec) 1.0 0.6-1.0 1.0 
Tray loading (kg product/m?) 16.1 5.2 6.7 
Drying time (hr) 2.0 8.5 5.5 
Overall drying rate (kg water evaporated/hr m?) 0.89 11.86 1.14 
Steam consumption (kg/kg water evaporated) 4.0 2.42 6.8 
Installed power (kW) 7.5 19 19 


TABLE 9.6—(continued) 


(e) Tray and Tray—Truck Dryers 














Half-Finished 
Material Color Chrome Yellow Toluidine Red Titone Color 
Type of dryer 2-truck 16-tray dryer 16-tray 3-truck 2-truck 
Capacity (kg product/hr) 11.2 16.1 1.9 56.7 4.8 
Number of trays 80 16 16 180 120 
Tray spacing (cm) 10 10 10 7.5 9 
Tray size (cm) 60x75x4 65x 100x 2.2 65x 100x 2 60х70 х 3.8 60х70х 2.5 
Depth of loading (cm) 2.5-5 3 3.5 3 
Initial moisture (%, bone-dry basis) 207 46 220 223 116 
Final moisture (96, bone-dry basis} 4.5 0.25 0.1 25 0.5 
Air temperature (^C) 85-74 100 50 95 99 
Loading (kg product/m?) 10.0 33.7 7.8 14.9 9.28 
Drying time (hr) 33 21 41 20 96 
Air velocity (т/зес} 1.0 2.3 2.3 3.0 2.5 
Drying (kg water evaporated/hr т?) 0.59 65 0.41 1.17 0.11 
Steam consumption (kg/kg water evaporated) 2.5 3.0 — 2.75 
Total installed power (kW) 1.5 0.75 0.75 2.25 1.5 
(Proctor and Schwartz Co.). 
TABLE 9.7. Performance of Agitated Batch Dryers (See Fig. 9.7) 
іа) Double-Cone Tumbler 
Prussian 
Tungsten Polyester Blue 
Carbide Resin Penicillin Hydroquinone Pigment 
Volatile ingredient naphtha water acetone water water 
Physical nature of charge heavy slurry pellets powder powder filtercake 
Dryer dia (ft) 2 2 2 2 2 
Dryer capacity (ft?) 2.5 2.5 2.5 2.5 2.5 
Method of heating hot water steam hot water hot water steam 
Heating medium temperature (^F) 180 240 140 150 225 
Vacuum (mm Hg abs) 40—84 12-18 40 50-100 40-110 
Initial volatile content (% w/w basis) 18.0 0.34 27.9 5.0 83 
Final volatile content (96 w/w basis) nil 0.01 nil 0.25 4.8 
Weight of charge (Ib) 640 130 55 61 142.5 
Вик density of charge (lb/ft?) 256 51.5 21.5 26.5 58.5 
Drying time (тіп) 155 215 90 50 480 
(Courtesy Patterson Division, Banner Industries Іпс.; Williams—Gardner, 1971). 
(b) Paddle, Ribbon, and Pan? 
Mean 
Size of Dryer Initial Absolute Overall 
(mm) Driving Wet Moisture Pressure Jacket Drying Coeff. 
Туре of  ————— ——-— Motor Charge Filling Content in Dryer Temp Time и. 
Material Dryer Length Dia (HP) (kg) Ratio (9c, Wet Basis) (mb) ес) (hr) {W/m °C) 
Organic paste HCRP 5500 1200 4000 0.36 30 200 80 15 35 
Different fine HCRP 3800 1350 15 2260 0.2 68 265 125 6 45 
aromatic organic | НСАР 3800 1350 15 4660 0.4 75 265 125 8 60 
compound crystals HCRP 5500 1200 2100 0.2 6 200 125 4 25 
Anthracene (water 
and pyridine) HCRP 8900 1800 35 37000 0.72 76 665—1000 170 16 75 
Dyestuff paste HCSB 2750 1200 10 2000 0.3 70 265 105 14 30 
Different organic PVP 1800 15 1080 0.4 41 1000 125 32 35 
pastes PV? 2450 25 800 0.4 35 665 125 74 25 
Different dyestuff PVP 1800 15 1035 0.4 61 1000 125 11 135 
pastes ) РУР 2450 20-30 2400 0.7 64 470 125 12 115 


^ HCRP = paddle agitator; HCSP = ribbon agitator; PVP = pan with vertical paddles. 
(Nonhebel and Moss, 1971). 
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TABLE 9.7—(continued) 


(c) Pan Dryer 








Sodium Potassium Arsenic 

Thiosulphate Zeolite Pentoxide 
Dryer diameter 6 ft Oin. 2ft3in. 8 ft Oin. 
Dryer depth 2 ftOin. 1 ftOin. 2 ftOin. 
Capacity (Ib product} 12 cwt 14 Ib 23 ton/day 
Initial moisture (% w/w basis) 37 40 35 
Final moisture (% w/w basis) 0 1 2-3 
Method of heating steam steam steam 
Atmospheric (a) or vacuum (b) (b) 26Hg (a) 60 Ib/in."/gauge (b) 
Drying temperature: material CF) 
Drying temperature: shelf (°F) 153C 
Bulk density product (10/93) 
Drying time (hr/batch) 5 3 8 
Material of construction 55 М5 55 


[Courtesy A.P.V.—Mitchell (Dryers) Ltd., Williams-Gardner, 19711. 









Dust filter. 


Dust tight sealed 
roller bearings 


Steam or hot 


— 
Vacuum water inlet 


connection 
Condensate or 
hot water return 


Variable speed 











3 and brake motor 
PP switch | optional 
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by customer 
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(c) 


Figure 9.7. Tumbling and agitated heated dryers for atmospheric and vacuum batch operation. (a) Double cone tumbler; 
performance data in Table 9.6(a) (Pennsalt Chem. Co.). (b) V-shaped tumbler. (c) Ribbon agitated cylinder; 
performance data in Table 9.6(b). (A) jacketed shell; (B) heads; (C) charging connections; (D) discharge doors; (E) 
agitator shaft; (F) stufling box; (С) shaft bearings; (H) agitator blades; (J) vapor outlets; (К) steam inlets; (L) 
condensate outlets; (M) discharge siphon for shaft condensate (Buflovak Equip. Div., Blaw Knox Co.) (d) Paddle 
agitated cylinder. Performance data in Table 9.6(b). (e) Horizontal pan with agitator blades. Data are Table 9.6(b). 
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Figure 9.7—(continued) 
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Figure 9.8. Rotary tray, through-circulation belt conveyor, and heated screw conveyor dryers. (a) Rotary tray dryer (Wyssmont Co.). (b) 
Action of a rotating tray and wiper assembly (Wyssmont Co.). (c) A single conveyor belt with air upflow in wet zone and downflow in dry 
(Proctor and Schwartz Inc.). (d) A two-stage straight-through belt conveyor dryer. (e) A three-belt conveyor dryer; as the material becomes 
dryer, the loading becomes deeper and the belt longer (Proctor and Schwartz Inc.). (f) Screw conveyor dryer with heated hollow screw 
(Bepex Corp.). 


Figure 9.8—(continued) 














TABLE 9.8. Performance of Rotary Tray and Pan Dryers 


(a) Multitray Dryers at Atmospheric Pressure 


China Bread Cu-Ni 
Clay Crumbs Concentrate 
Dryer height = -- - 
Dryer diameter — - — 
Tray area (ft^) 7000 2000 2900 
(drying) 
1000 
(cooling) 
Capacity (Ib/product/hr) 31,000 1680 19,000 
Initial moisture (% w/w basis) 30 36 22 
Final moisture (% w/w basis) 10 5 5 
Product temperature (°F) 160 100 200 
Residence time (min) 40 40 25 
(drying) 
20 
(cooling) 
Evaporation rate (Ib/ft?/hr) 9.100 804 4060 
Method of heating external steam external 
oil oil 
Heat consumption (Btu/Ib moisture 
evaporated) 1750 -- 2200 
Installed HP 80 25 60 


Williams—Gardner, 1971). 


(b) Multiple Vacuum Pan Dryer 


Sodium 
Hydrosulphite 


Dryer diameter (pans) (m) 
Number of pans 

Area (approx)(m?) 

Dry product (Ib/hr) 

Initial moisture (% w/w) 
Final moisture (% w/w) 
Heating 


Pan temperature (°C) 
Evaporation rate (Ib/ft?/hr) 
Drying time (min) 


(Data of Krauss-Maffei-Imperial GmbH). 


2 
5 
12.4 
1100 
4 
0.1 
hot water 


98 


0.325 
15 
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Catalyst 
Pellets 


23ft 
19 ft 


4200 


18 


2050 
external 
gas 


1750 
23 


Maneb 


2 
17 
42.8 
660 
23 
0.5 

steam 
1.3 atm 
105 
0.325 
170 


Kaolin 


23 ft 
19 ft 


10,000 
35 
5 


4600 
external 
oil 


1850 
47 


(First three columns courtesy Buell Ltd.; last five columns courtesy The Wyssmont Co., Inc.). 


Melamine 


2 
11 
27.6 
1870 
11 
0.03 

steam 
2.5 atm 
125 
0.79 
12 


Calcium 
Chloride 


47ft 
31 ft 


24,000 
25 
1 


11,000 
internal 
gas 


1800 
65 


Activated 
Carbon 


2 
17 
42.8 
440 
62 
3 

steam 
2.5 atm 
125 
0.78 
30 





Urea 


47ft 
15 ft 


5000 
20 
0.2 


100 
external 
steam 


3500 
75 


Vitamin 
Powder 


12 ft 
9 ft 


200 
20 


37 
external 
steam 


2700 
2% 
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TABLE 9.9. Performance of Through-Circulation Belt Conveyor Dryers [See Figs. 9.8(c)—(e)] 


(a) Data of A.P.V.—Mitchell (Dryers) Ltd. 



























































Nickel Metallic 
Fertilizers Bentonite Pigment Hydroxide Stearate 
Effective dryer length 42ft6in. 60 ft0 in. 24 ftQ in. 24 ft Cin. 41 ft Zin. 
Effective band width 8ft6in. 8ft6in. 4ftQ in. 4ft0 in. 6 ft O in. 
Capacity (Ib product/hr) 2290 8512 100 125 125 
Мето of талы е oscillator oscillator extruder extruder extruder 
Initial moisture (% w/w basis} 45.0 30 58.9 75 75 
Final moisture (% w/w basis) 2.0 10.0 0.2 0.5 0.2 
Drying time (min) 16 14 60 70 60 
Drying rate (Ib evaporated/ft?/hr) 7.0 6.5 20 75 1.5 
Air temperzture range (^F) — — — — — 
Superficial air velocity (ft/min) 200 200 180 180 125 
Heat consumption (Btu/Ib evaporated) — — -- — - 
Method of heating direct oil direct oil steam steam Steam 
Fan installed HP 35 50 14 14 28 
(Williams-Gardner, 1971). 
(b) Data of Krauss-Maffei-Imperial GmbH 
Aluminium Polyacrylic Calcium Titanium 
Hydrate itrile Sulfur Carbonate Dioxide 
Effective dryer length 32 ft9 in. 43ftÜ in. 28 КО п. 50 ft O in. 108 ftQ in. 
Effective band width 6ft6in. 6ft6in. 6ft6in. 6 ft3in. 9 ft 6in. 
Capacity (Ib product/hr} 615 2070 660 1800 6000 
Метоа о! е о grooved extruder extruder extruder extruder 
Initial moisture (% w/w basis) 38.0 55.0 45.0 60.0 50.0 
Final moisture (% w/w basis) 0.2 1.0 1.0 0.5 0.5 
Drying time (тіп) 26 52 110 40 45 
Drying rate (Ib evaporated/hr/R?) 2.88 3.37 3.57 5.73 6.0 
Air temperature range (^F) 233 186/130 194/230 320 314/392 
Superfic'al гі: velocity (ft/min) 140 100/216 140 160 150 
Heat consumption (Ib steam/lb 
evaporated) 1.7-1.8 1.8-1.9 1.8-1.9 1.7-1.8 1.8-1.9 
Method of heating 50 Ib/in.* 25 Ib/in.? 90 Ib/in. 160 Ib/in.? 260 Ib/in.? 
steam steam steam steam steem 
Fan installed hp (approx.) 25 65 20 35 80 
(Williams-Garcner, 1971). 
(с) Data of Proctor and Schwartz Inc. 
Inorganic Charcoal Inorganic 
Kind of Material Pigment Cornstarch Fiber Staple Briquettes Gelatin Chemical 
Capacity (kg dry product/hr) 712 4536 1724 5443 295 862 
Stage A Stage B 
Approximate dryer area (m^) 22.11 66.42 57.04 35.12 52.02 104.05 30.19 
Depth of loading (cm) 3 4 — 16 5 4 
Air temperature {°С) 120 115-140 130-100 100 135-120 32-52 121-82 
Loading (Ка ргодис/ т?) 18.8 27.3 3.5 3.3 182.0 9.1 33 
Type of conveyor (mm) 1.59 by 6.35 1.19 Бу 476 2.57-diameter 8.5 4.23 x 4.23 mesh 1.59 x 6.35 slot 
slots slots holes, perforated х 8.5 mesh screen 
plate screen 
Preforming method or feed rolting filtered and fiber feed pressed extrusion rolling 
extruder scored extruder 
Type and size of preformed 6.35-diameter scored filter cut fiber 64x 51х 25 2-diameter 6.35-diameter 
particle (mm) extrusions cake extrusions extrusions 
Initial moisture content (96 120 85.2 110 37.3 300 111.2 
bone-dry basis) 
Final moisture content (% bone- 0.5 13.6 9 5.3 11.1 1.0 
dry basis) 
Drying time (min) 35 24 11 105 192 70 
Drying rate [kg water 38.39 42.97 17.09 22.95 9.91 31.25 
evaporated/(hr т 
Air velocity (superficial)(m/sec) 1.27 1.12 0.66 1.12 1.27 1.27 
Heat source per kg water gas steam steam waste heat steam gas 
evaporated [steam kg/kg gas 0.11 2.0 1.73 2.83 0.13 
(т/а) 
Installed power (kW) 29.8 119.3 194.0 82.06 179.0 41.03 








(Perrys Chemical Engineers Handbook, McGraw-Hill, New York, 1984). 
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Figure 9.9. Rotary dryer assemblies. (a) Parts of the shell of a direct fired rotary dryer (C.E. Raymond Bartlett Snow Co.). (b) Assembly of a 
rotary dryer with pneumatic recycle of fines (Standard Steel Corp.). (c) Steam tube dryer with mechanical conveyor for partial recycle of 


product for conditioning of the feed. 


thermally sensitive materials and, of course, may generate dust if 
the gas rate through the open dryer is high. 

In the Roto-Louvre design of Figure 9.10(b) the gas enters at 
the wall, flows first through the bed of particles and subsequently 
through the shower of particles. Performance data are in Tables 
9.10(b) and (с). 

A formula for the power required to rotate the shell is given by 
Wentz and Thygeson (1979): 

Р —0.45Wv, + 0.128DNf, (9.18) 
where P is in watts, W, is the weight (kg) of the rotating parts, v, is 
the peripheral speed of the carrying rollers (m/sec), B is the holdup 
of solids (kg), D is diameter of the shell (m), М is rpm, and f is the 
number of flights along the periphery of the shell. Information 
about weights may be obtained from manufacturers catalogs or may 
be estimated by the usual methods for sizing vesscls. Fan and driver 
horsepower are stated for the examples of Tables 9.10(a)-(c). The 


data of Table 9.10(a) are represented roughly by 


P=5+0.11DL, (9.19) 


where P is in HP and the diameter D and length L are in feet. 


9.7. DRUM DRYERS FOR SOLUTIONS AND SLURRIES 


Solutions, slurries and pastes may be spread as thin films and dried 
on steam heated rotating drums. Some of the usual arrangements 
are shown on Figure 9.11. Twin drums commonly rotate in opposite 
directions inward to nip the feed, but when lumps are present that 
could damage the drums, rotations are in the same direction. Top 
feed with an axial travelling distributor is most common. Dip feed is 
shown in Figure 9.11(d) where an agitator also is provided to keep 
solids in suspension. When undesirable boiling of the slurry in the 
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(с) 


(d) 


Figure 9.10. Cross sections of rotary dryers. (a) Action of the flights in cascading the drying material. The knockers are for dislodging 
material that tends to cling to the walls. (b) Cross section of chamber of rotolouvre dryer showing product depths and air flows at feed and 
discharge ends. The air enters at the wall and flows through the bed as well as through the cloud of showered particles (Link-Belt Co.). (c) 
Showering action in a dryer with fixed steam tubes and rotating shell. (d) Section and steam manifold at the end of a dryer in which the steam 


tubes rotate with the dryer. 


pan could occur, splash feed as in Figure 9.11(c) is employed. 
Example 9.7 describes some aspects of an actual installation. 

For mechanical reasons the largest drum made is 5ft dia by 
12 ft with 188 sqft of curved surface. А 2 x 2 ft drum also is listed in 
manufacturers’ catalogs. Performance data are in Tables 9.11 and 
9.12. 

The material comes ой as flakes 1-3 mm or less thick. They are 
broken up to standard size of about lin. square. That process 
makes fines that are recycled to the dryer feed. Drying times fall in 
the range of 3-12sec. Many laboratory investigations have been 
made of drying rates and heat transfer coefficients, but it appears 
that the only satisfactory basis for sizing plant equipment is pilot 
plant data obtained with a drum of a foot or more in diameter. 
Usually plant performance is superior to that of pilot plant units 
because of steadier long time operation. 

Rotation speeds of the examples in Table 9.12 show a range 
of 1-24 грт. Thin liquids allow a high speed, thick pastes a low 
one. In Table 9.13(c) the evaporation rates group in the range 
15-30 kg/m? hr, but a few of the data are far out of this range. The 
few data in Table 9.13(a) show that efficiencies are comparatively 
high, 1.3 lb steam/Ib water evaporated. 

A safe estimate of power requirement for double drum dryers 
is approx 0.67 HP/(rpm)(100 sqft of surface). Maintenance can be 
as high as 10%/yr of the installed cost. Knives last from 1 to 6 
months depending on abrasiveness of the slurry. Competitors for 
drum dryers are solid belt conveyors that can can handle greater 


thicknesses of pasty materials, and primarily spray dryers that have 
largely taken over the field. 


9.8. PNEUMATIC CONVEYING DRYERS 


Free-flowing powders and granules may be dried while being 
conveyed in a high velocity air stream. The necessary equipment is 
variously called pneumatic conveying dryer, pneumatic dryer, air 
lift dryer, or flash dryer. The basic system consists of an air heater, 
solids feeding device, vertical or inclined drying leg, cyclone or 
other collector and an exhaust fan. Figure 9.12 shows some of the 
many commercial equipment. Provision for recycling some of the 
product generally is included. Some of the materials being handled 
successfully in pneumatic dryers are listed in Table 9.5. 

Readily handled particles are in the size range 1-3 mm. When 
the moisture is mostly on the surface, particles up to 10mm һауе 
been processed. Large particles are brought down to size in 
dispersion devices such as knife, hammer or roller mills. 

Typical performance data are summarized in Table 9.13. In 
practice air velocities аге 10-30 m/sec. The minimum upward 
velocity should be 2.5-3 m/sec greater than the free fall velocity of 
the largest particles. Particles in the range of 1-2 mm correspond to 
an air velocity of 25 m/sec. Since agglomerates may exist under 
drying conditions, the safest design is that based on pilot plant tests 
or prior experience. 
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EXAMPLE 9.5 

Scale-Up of a Rotary Dryer 
Tests on a laboratory unit come up with the stated conditions for 
drying a pelleted material at the rate of 1000 Ib dry/hr: 


Air 

320 F 160 Е 

Н-0.013 H - 0.0428 
W = 0.05 Ib/lb 

Stock 110 F 

1000 Ib/hr 

W = 0.6 Ib/b 

70 F 


The residence time is 20min. The speed is 3-4rpm. On the 
average, 7.5% of the cross section is occupied by solid. Because of 
dusting problems, the linear velocity of the air is limited to 


12 ft/sec. The diameter and length will be found. Since the inlet and 
outlet conditions are specified and the moisture transfer is known, 
the heat balance can be made. The heat capacity of the solid is 0.24: 


moisture evap = 1000(0.6-0.05) = 550 lb/hr 
air rate = 550/(0.0428 — 0.013) = 18,456 lb/hr 


Off a psychrometric chart, the sp vol of the air is 15.9 cuft/(Ib dry). 
The diameter is 


D ( 18,456(15.9) 
7 \3600(12)(1 — 0.075) /4 





12 
) = 3.06, say 3.0 ft. 


The length is 


_ 30(20/60) _ 
L- 0.075лр2/4 — 18.9 ft. 





EXAMPLE 9.6 

Design Details of a Countercurrent Rotary Dryer 
Pilot plants indicate that a residence time of 3hr is needed to 
accomplish a drying with the conditions indicated on the sketch. 
For reasons of entrainment, the air rate is limited to 750 Ibs 
dry/(hr)(sqft cross section). Properties of the solid are 501b/ 
cuft and 0.22 Btu/(Ib)(F). Symbols on the sketch are А = dry air, 
$ — dry solid, W — water: 
136 F 150 psig steam 
А lb/hr 








60 F Air 
H = 0.008 


Stock S = 1000 Ib/hr 
S = 1000 W=1lbihr 
W = 334 260 Е 

60 F 


In terms of the dry air rate, A Ib/hr, the average moist heat capacity 
is 

С = 0.24 + 0.45[0.008 + 1(333/A)] = 0.2436 + 74.93/А. 
In the dryer, the enthalpy change of the moist air equals the sum of 


the enthalpy changes of the moisture and of the solid. Add 796 for 
heat losses. With steam table data, 


(0.2436 + 74.93/ А) А(290 — 136) = 1.07[333(1120.3) + 1(228) 
+ 1000(0.22)(260 — 60) - 334(28)] 
— 1.07(407,936) — 43,649], 

2А = 11,633 Ib/hr. 


The exit humidity is 
Н = 0.008 + 333/11,633 = 0.0366 Ib/Ib, 


which corresponds to an exit dewpoint of 96°F, an acceptable value. 


With the allowable air rate of 750 lb/hr sqft, the diameter of 
the dryer is 


D = У11,633/750л/4-- 4.44 ft, say 4.5 ft. 


Say the solid occupies 876 of the cross section. With a solids 
density of 50 Ib/cuft, the dryer volume, 


V = 3(1000/50)/0.08 = 750 сий, 


and the length is 
L = 150/ (4.5/4 = 47.2 ft. 


The standard number of flights is 2-4 times the diameter, or 


number —(2-4)4.5— 9-18, say 12. 


The product of rpm and diameter is 25-35 


"rpm = (25-35)/4.5 = 5.5-7.8, say 6.7. 
The stm heater duty is 


О; = 11,633(0.2436)(290 — 60) = 651,733 Btu/hr, 
150 psig stm, 
stm = 651,733/857 = 760.5 lb/hr. 


Evaporation efficiency is 
n = 333/760.5 = 0.438 lb water/lb stm. 


The efficiency of the dryer itself is 


Na = 407,936/651,733 = 0.626 Btu/Btu. 
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TABLE 9.10. Performance Data of Rotary Dryers 


(a) Direct Heated Dryers 








Lead Zinc 









































Sugar Beet Calcium Blast Ammonium Fine 
Pulp? Carbonate” Furnace Slag’ Concentrate” Sand” Concentrate" Sulphate” Salt? Crystals“ Chemicals 
Air flow parallel parallel parallel parallel parallel parallel counter counter counter indirect 
counter 
Dryer length 9ft2in. 6ft3in. 7 ft2 in. 4ft6in. 4ft6in. 7 ft6 in. ӘҢ біп. БЕ біл. 10 ft 0 in. 4ft6 in. 
Dryer length 46 ft O in. 34 ftO in. 40 ft 0 in. 35 ftO in. 32ft6 in. 60 ft 0 in. 40 ftO in. 40 ft 0 in. 60 ft 0 in. 27 ft Oin. 
Method of heating oil oil oil oil gas oil gas steam steam Louisville 
steam tube 
Method of feed screw belt belt screw chute screw conveyor feeder screw screw 
Initial moisture (% w/w) 82 13.5 33 14 5.65 18 2.5 5.0 7.0 1.5 
Final moisture (% w/w) 10 0.5 nil 8 0.043 8 0.2 0.1 8.99 0.1 
Evaporation (Ib/hr) 34,000 6000 11,600 1393 701 8060 1120 400 1150 63 
Capacity (Ib evaporated/ft? dryer 11 6 7 2.5 1.35 2.3 0.5 0.52 0.245 — 
volume) 
Efficiency (Btu supplied/water 1420 1940 1710 2100 2550 1850 1920 2100 1650 xar) 
evaporated) 
Inlet air temperature (^F) 1560 1560 1560 1300 1650 1500 400 280 302 — 
Outlet air temperature (^F) 230 220 248 200 222 200 180 170 144 — 
Residence time (av. min) 20 25 30 20 12 20 15 40 70 30/40 
Fan HP 70 40 50 20 5 75 25 8 -- 10 
Motive HP 15 20 25 10 10 55 60 15 60 — 
Fan capacity (std. air ft^/min) 45000 8500 18,000 2750 2100 12,000 18,500 6500 — m 
* Courtesy Buell Ltd. 
Courtesy Head Wrightson (Stockton) Ltd. 
* Courtesy Edgar Allen Aerex Ltd. 
Courtesy Constantin Engineers Ltd.—Louisville Dryers; Williams-Gardner, 1971. 
(b) Roto-Louvre Dryers 
Bone Meal Sugar? Sulfate of Bread Bentonite 
Ammonia? Crumbs 
Dryer diameter 7ft6in. 7ft6in. 7ft6in. 4ft8in. 8ft 10 in. 
Dryer length 12 ft Oin. 25 ft Oin. 25 ft Oin. 20 ft Oin. 30 ft Oin. 
Initial moisture (% w/w basis) 17.0 1.5 1.0 37 45 
Final moisture (% w/w basis) 7.0 0.03 0.2 2.5 11 
Method of feed screw screw chute chute chute 
Evaporation rate (Ib/hr) 1660 500 400 920 7100 
Efficiency (Btu supplied/Ib evaporation) 74.3 40 — 55 62.5 
Method of heating steam steam steam gas oil 
Inlet air temperature (^F) 203 194 248 572 842 
Outlet air temperature (°F) 122 104 149 158 176 
Residence time, min 9.3 12.5 9.0 25.7 37.3 
Fan HP (absorbed) 49.3 52.2 55 13.7 54.3 
Motive HP (absorbed) 8 12.5 15 2.3 20.0 
Fan capacity (f /min) 
Inlet 9560 18,000 16,000 5380 20,000 
Outlet 14,000 22,300 21,000 5100 25,000 
" Combined two-stage dryer-cooler. (continued) 


(Courtesy Dunford and Elliott Process Engineering Ltd.; Williams—Gardner, 1971). 
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TABLE 9.10—(continued) 


(c) Roto-Louvre Dryers 


Material Dried 





Ammonium Foundry Sand 


Metallurgical 
Coke 





Sulfate 
Dryer diameter 2ft7 in. 6ft4in. 
Dryer length 10 ft 24 ft 
Moisture in feed (% wet basis) 2.0 6.0 
Moisture in product (% wet basis) 0.1 0.5 
Production rate (Ib/hr) 2500 32,000 
Evaporation rate (Ib/hr) 50 2130 
Type of fuel steam 
Fuel consumption 255 Ib/hr 
Calorific value of fuel 837 Btu/Ib 
Efficiency (Btu supplied per Ib 4370 2170 

evaporation) 

Total power required (HP) 4 41 


g 
4630 ft^/hr 
1000 Btu/ft® 


10 ft 3 in. 


38,000 


115 gal/hr 
150,000 Btu/gal 





(FMC Corp.; Chemical Engineers’ Handbook, 1984, p. 20.20). 


(4) indirect-Direct Double Shell Dryers 





Indirect-Direct Double Shell 





Coal Anhydrite Coke 
ПОНИ 

Dryer diameter 7ft6 in. 5 ft 10 in. 5ft 10 in. 
Dryer length 46 ft іп. 35 ft in. 35 ft Oin. 
Initial moisture content (% w/w basis} 22 6.0 15 
Final moisture (% w/w basis) 6 1.0 1.0 
Evaporation rate (Ib/hr) 5800 2300 1600 
Evaporation—volume ratio (Ib/ft?/hr) 3.5 3.15 2.2 
Heat source coal oil oil 
Efficiency (Btu supplied/Ib water evaporated) 1250 1250 1340 
inlet air temperature (°F) 1200 1350 1350 
Outlet air temperature (°F) 160 160 200 


_.„————————————————_—————-—--—-———————————-—--—————— Б ———-—— 


(Courtesy Edgar Allen Aerex Ltd.; Williams-Gardner, 1971). 
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(e) Steam Tube Dryers 


Class 1 





Class of materials 
Description of class 


Normal moisture content of wet 
feed (% dry basis) 

Normal moisture content of product 
(% dry basis) 

Normal temperature of wet feed (K) 

Normal temperature of product (K) 

Evaporation per product (kg) 

Heat load per Ib product (kJ) 

Steam pressure normally used (kPa 
gauge) 

Heating surface required per kg 
product (m?) 

Steam consumption per kg product 
(kg) 


high moisture organic, distillers' 
grains, brewers' grains, citrus 
pulp 
wet feed is granular and damp but 
not sticky or muddy and dries to 
granular meal 
233 


11 
310—320 
350-355 

2 
2250 
860 
0.34 


3.33 


(Chemical Engineers' Handbook, 1984). 


Class 2 


pigment filter cakes, blanc fixe, 
barium carbonate, precipitated 
chalk 
wet feed is pasty, muddy, or 
sloppy, product is mostly hard 
pellets 
100 


0.15 
280-290 
380-410 

1 
1190 
860 
0.4 


1.72 


Class 3 


finely divided inorganic solids, water- 
ground mica, water-ground silica, flo- 
tation concentrates 

wet feed is crumbly and friable, product 
is powder with very few lumps 


b4 
0.5 
280—290 
365-375 
0.53 
625 
860 
0.072 


0.85 
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REVOLVING 


SPREADER 


ANO 
FEED PAN 


(a) 























Figure 9.11. Drum dryers for solutions and thin slurries (Buflovak Equip. Div., Blaw Knox Co.). (a) Single drum dryer with dip 
feed and spreader. (b) Double drum dryer with splash feed. (c) Double drum dryer with top feed, vapor hood, knives and 
conveyor. (d) Double drum dryer with pendulum feed, enclosed for vacuum operation. 


Single pass residence times are 0.5—3 sec, but most commercial 
operations employ some recycling of the product so that average 
residence times are brought up to 60 sec. Recycling also serves to 
condition the feed if it is very wet. The spread of residence times in 
pneumatic dryers, as indicated by Figure 9.5(a), is broad, so feed 
that has a particularly wide size distribution may not dry uniformly. 
Recycling, however, assists uniformity, or several dryers in series or 
preclassification of particle sizes may be employed. 

Since the contact time is short, heat-sensitive materials with 
good drying characteristics are particularly suited to this kind of 


dryer, but sticky materials obviously are not. Moreover, since 
attrition may be severe, fragile granules cannot be handled safely. 
Other kinds of dryers should be considered for materials that have 
substantial falling rate drying periods. 

Pilot plant work is essential as a basis for full scale design. It 
may be directed to finding suitable velocities, temperatures and 
drying times, or it may employ more basic approaches. The data 
provided for Example 9.8, for instance, are of particle size 
distribution, partial pressure of water in the solution, and heat and 
mass transfer coefficients. These data are sufücient for the 





EXAMPLE 9.7 

Description of a Drum Drying System 
A detergent drying plant handles 86,722lb/day of a slurry 
containing 52% solids and makes 45,923 1Ь/дау of product 
containing 296 water. The dryers are two sets of steam-heated 
double drums, each 3.5ftdia by 10ft, with a total surface of 
440 sqft. Each drum is driven with a 10 HP motor with a variable 


speed transmission. Each trolley top spreader has a 0.5 HP motor. 
Each side conveyor has a 1 HP motor and discharges to a common 
belt conveyor that in turn discharges to a bucket elevator that feeds 
a flakcr where the product is reduced to flakes less than 0.25 in. 
square. Fines are removed in an air grader and recycled to the dryer 
feed tank. 





TABLE 9.11. Performance Data of Drum Dryers 


(a) Drum Dryers 


Feed solids (?6 by weight) 
Product moisture (96 w/w basis) 
Capacity (Ib prod./hr) 
Dryer type (a) single, (b) twin, (c) double 
Drum 

diameter 

length 
Type of feed method 
Steam pressure (Ib/in? gauge? 
Atmospheric or vacuum 
Steam consumption (Ib/Ib evaporated) 
Average effective area (%) 
Evaporation/ft^/hr 


Yeast 
Cream 


16 
5.7 
168 
(а) 


4ftO in. 
10 ftO in. 
top roller 
80 
atmos. 


6.5 


(Courtesy A.P. V. Mitchell Dryers, Ltd.; Williams-Gardner, 1971). 


(b) Drum Dryers in the Size Range 0.4 x 0.4—0.8 х 2.25 m? 


Type of Dryer 
and Feed Drum Steam 
Size by Letter, Speed Press 
A, B, or C (rev/min) (Баг, 9) 
Single (dip) 4.4 3.5? 
Single (splash) 1 3.0 
Twin (splash) A 3 3.0 
Double 3-8 5.0 
Double and twin 7-9 2-3 
Double and twin 5-9 4-6 
Twin (dip) A 5 5.5 
Twin А 3 5.5 
Twin B 2° 3.5 
Twin C 5 5.5 
Twin С 53 5.5 
Twin С 6 5.5 
Twin (splash) А 3-5 5.0 
Double A 53 6.0 
Double B 6i 5-6 
Twin (dip) А 5 5.5 
Twin A 5 5.0 
Double 2 3.0 
Double 4j 3.5 
Twin (dip) 5 5.0 
Twin 10 5.5 
Twin 10 5.5 
Double 11 5.5 
Double 12 5.5 
Double 11 5.5 


Type of 
Material 


inorganic salts 
alk. carbs 
Mg(OH); 
Fe(OH); 

Na Acetate 
Ма:50, 
Ма-НРО, 


organic salts 
organic salts 
organic salts 
organic salts 
organic salts 
organic salts 
organic salts 
organic salts 
organic salts 


organic 
compounds 


organic 
compounds of 
low surface 
tension 
similar 
letters 
for same 
compound 
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Stone Starch Zirconium Brewers 
Slop Solutions Glaze Silicate Yeast 
40 36 64 70 25 
0.2 5 0.2 0.2 5 
420 300—400 225 1120 146 
(a) (a) (a) la) (a) 
2ft6in. 48 in. 18 in. 36in. 28 т. 
БІ біп. 120іп. 36 т. 72 т. 80 in. 
dip top roller side dip center nip 
60 80 -- 80 40 
atmos. atmos. atmos. atmos. atmos. 
— 1.3 1.3 — — 
4 5 9 84 6 
H20 Output 
Solids in of Dried 
Physical Form in Feed Product Product 
of Feed (%) (%) (g/sec т?) 
-- 50 8-12 5.5 
thick slurry 35 0.5 1.3 
thin slurry 22 3.0 43 
solution 20 0.4-10 2.0-7.0 
solution 24 0.15-5.5 4.7—6.1 
solution 44 0.8-0.9 8.2-11.1 
solution 27 2.8 1.3 
solution 33 13.0 1.4 
solution 20 1.0 1.0 
solution 39 0.4 3.9 
solution 42 1.0 2.1 
solution 35 5.0 4.1 
thin slurry 20 1.7-3.1 1.0-1.9 
solution 11 — 1.1 
solution 40 3 3.4 
thin slurry 30 1.2 2.4 
viscous soln. 28 10.5 1.9 
viscous soln. — 6.0 0.7 
thin slurry 25 1.0 0.4—1.9 
(a) solution 25 0.5 0.3 
(b) thick slurry 30 2.5 2.0 
(c) thick slurry 35 — 3.1 
(b) thin paste 46 — 6.4 
(c) thick paste 58 — 6.0 
(a) solution 20 0.5 0.24 


? Dryer dia and width (m): (A) 0.457 x 0.457; (B) 0.71 x 1.52; (C) 0.91 х 2.54. 
? Plus external hot air flow. 
* Stainless steel drum. 

(Nonhebel апа Moss, 1971). 


Evaporation 
Rate of 
Water 

(g/sec m?) 


4.9 
1.5 
1.3 
8-24 
11-12 
9-14 


5.2 
2.6 
3.8 
6.1 
4.6 
7.2 
3.7-7.3 

9 

4.9 


5.5 
4.2 


3.5-5.0 


0.8 
4.6 


73 


4.3 
1.0 
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TABLE 9.12. Performance of Drum Dryers 


(a) Single, Double drum and Vacuum Drums 





Moisture Content, 
(% Wet Basis) 


Method 
Material of Feed Feed Product 
Double-drum dryer 
Sodium sulfonate trough 53.6 6.4 
Sodium sulfate trough 76.0 0.06 
Sodium phosphate trough 57.0 0.9 
Sodium acetate trough 39.5 0.44 
Sodium acetate trough 40.5 10.03 
Sodium acetate trough 63.5 9.53 
Single-drum dryer 
Chromium sulfate spray film 48.5 5.47 
Chromium sulfate dip 48.0 8.06 
Chromium sulfate pan 59.5 5.26 
Chromium sulfate splash 59.5 4.93 
Chromium sulfate splash 59.5 5.35 
Chromium sulfate dip 59.5 4.57 
Vegetable glue pan 60—70 10-12 
Calcium arsenate slurry 75-77 0,5-1.0 
Calcium carbonate slurry 70 0.5 
Twin-drum dryer 
Sodium sulfate dip 76 0.85 
Sodium sulfate top 69 0.14 
Sodium sulfate top 69 5.47 
Sodium sulfate splash 71 0.10 
Sodium sulfate splash 71.5 0.17 
Sodium sulfate splash 71.5 0.09 
Sodium phosphate splash 52.5 0.59 
Sodium phosphate dip 55 0.77 
Sodium sulfonate top 53.5 8-10 
Vacuum single-drum dryer 
Extract pan 59 7.75 
Extract pan 59 2.76 
Extract pan 59 2.09 
Extract pan 56.5 1.95 
Extract pan 56.5 1.16 
Skim milk pan 65 2-3 
Malted milk pan 60 2 
Coffee pan 65 2-3 
Mait extract spray film 65 3-4 
Tanning extract pan 50-55 8-10 
Vegetable glue pan 60-70 10-12 


Steam Drum Feed Capacity 
Pressure, Speed Temp. [ib product/ Vacuum 
(Ib/sq in.) (rpm) (°F) (hr}{sq ft)] (in. Hg) 
63 8i 164 7.75 
56 7 150 3.08 
90 9 180 8.23 
70 3 205 1.51 
67 8 200 5.16 
67 8 170 3.26 
50 5 — 3.69 
50 4 — 1.30 
24 21 158 1.53 
55 13 150 2.31 
53 43 154 3.76 
53 53 153 3.36 
20-30 6-7 - 1-1.6 
45-50 3-4 — 2-3 
45 2-3 — 1.5-3 
55 7 110 3.54 
60 9i 162 4.27 
32 9i 116 3.56 
60 6 130 4.30 
60 12 140 5.35 
60 10 145 5.33 
58 5i 208 8.69 
60 53 200 6.05 
63 8i 172 10.43 
35 8 — 4.76 27.9 
35 6 — 1.92 27.9 
36 4 — 1.01 atmos. 
35 7i — 3.19 22.7 
50 23 - 0.75 atmos. 
10-12 4-5 - 2.5-3.2 
30-35 4-5 - 2.6 
5-10 1-13 - 1.6-2.1 
3-5 0.5-1.0 - 1.3-1.6 
30-35 8-10 - 5.3-6.4 
15-30 5-7 - 2-4 


(Perrys Chemical Engineers Handbook, McGraw-Hill, 1950 edition). 


calculation of residence time when assumptions are made about 
terminal temperatures. 


9.9. FLUIDIZED BED DRYERS 


Free flowing granular materials that require relatively short drying 
times are particularly suited to fluidized bed drying. When longer 
drying times are necessary, multistaging, recirculation or batch 
operation of fluidized beds still may have advantages over other 
modes. 

A fluidized bed is made up of a mass of particles buoyed up out 
of permanent contact with each other by a flowing fluid. Turbulent 
activity in such a bed promotes high rates of hcat and mass transfer 
and uniformity of temperature and composition throughout. The 
basic system includes a solids feeding device, the fluidizing chamber 
with a perforated distributing plate for the gas, an overflow duct for 
removal of the dry product, a cyclone and other equipment for 


collecting fines, and a heater and blower for the gaseous drying 
medium. 

Much ingenuity has been applied to the design of fluidized bed 
drying. Many different arrangements of equipment are illustrated 
and described in the comprehensive book of Króll (1978) for 
instance. Figure 9.13(a) depicts the basic kind of unit and the other 
items are a few of the many variants. Tables 9.14 and 9.15 are 
selected performance data. 

Shallow beds are easier to maintain in stable fluidization and of 
course exert a smaller load on the air blower. Pressure drop in the 
air distributor is approximately 1psi and that through the bed 
equals the weight of the bed per unit cross section. Some pressure 
drop data are shown in Table 9.14. The cross section is determined 
by the gas velocity needed for fluidization as will be described. It is 
usual to allow 3—6 ft of clear height between the top of the bed and 
the air exhaust duct. Fines that are entrained are collected in a 
cyclone and blended with the main stream since they are very dry 


TABLE 9.12—(continued) 


(b) Single and Double Drum with Various Feed Arrangements 





Moisture 
Content 
Kind of Dryer, In Out 
Kind of Stock (96) (%) 

Single drum, dip feed 

Alkali carbonate 50 8 bis 12 
Double drum, dip feed 

Organic salt solution 73 2.8 

Organic compound, dilute slurry 70 1.2 

Organic compound, solution 75 0.5 
Single drum with spreading rolls 

Skim milk concentrate 50 4 

Whey concentrate 45 43 

Cuprous oxide 58 0.5 
Single drum, splash feed 

Magnesium hydroxide, dense slurry 65 0.5 
Double drum, splash feed 

Iron hydroxide, dilute slurry 7 3.0 

Organic salt, dilute slurry 80 17 bis 3.1 

Sodium acetato 50 4.0 

Sodium sulfate 70 2.3 
Double drum, top feed 

Beer yeast 80 8.0 

Skim milk, fresh 91.2 4.0 

Organic salt solution 89 — 

Organic salt solution 60 3 

Organic compound, dilute slurry 75 1 
Double drum with spreading rolls 

Potato pulp 76.2 11.4 


(Króll, 1978, p. 348). 


due to their small size. Normally entrainment is 5-10% but can be 
higher if the size distribution is very wide. It is not regarded as 
feasible to permit high entrainment and recycle back to the drying 
chamber, although this is common practice in the operation of 
catalytic cracking equipment. 

Mixing in shallow beds is essentially complete; Figure 9.5(c) 
shows some test data in confirmation. The corresponding wide 
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Vapor 
Pressure Rotation Unit Product Drying 
Absolute Speed Capacity Rate 
(Бағ) (1 /тіп) (kg/m? hr) (kg/m? hr) 
3.5 4.4 20 17.8 
5.5 5 6.8 18.6 
5.5 5 8.6 19.6 
5.0 5 1.1 1.9 
3.8 24 15.8 14.2 
5.0 16 10 bis 11.8 7.4 bis 8.8 
5.2 10 11.0 14.3 
3.0 1 6.8 5.4 
3.0 3 15.4 4.7 
5.0 3 bis 5 3.6 bis 6.8 13.3 bis 26.2 
6.0 5 10.0 9.3 
7.8 5 18.0 40.4 
6.0 5 10.0 36.2 
6.4 12 6.2 61.5 
6.0 5.5 4 32.3 
5 bis 6 6.5 12.2 17.7 
3.5 4.5 1.4 bis 6.8 12.6 bis 18 
8 5 22.5 61.1 


distribution of residence times can result in nonuniform drying, an 
effect that is accentuated by the presence of a wide distribution of 
particle sizes. Multiple beds in series assure more nearly constant 
residence time for all particles and consequently more nearly 
uniform drying. The data of Table 9.14(b) are for multiple zone 
dryers. Figures 9.13(c) and (d) have additional zones for cooling the 
product before it leaves the equipment. Another way of assuring 


TABLE 9.13. Performance Data of Pneumatic Conveying Dryers (Sketches in Fig. 9.12) 


(a) Raymond Flash Dryer 








Fine 
Mineral 
Method of feed pump 
Material size, mesh —100 
Product rate (Ib/hr) 27,000 
Initial moisture content (% w/w basis) 25 
Final moisture content (% w/w basis) nil 
Air inlet temperature (°F) 1200 
Air outlet temperature (°F) 200/300 
Method of heating direct 
oil 
Heat consumption (Btu/Ib water evaporated) 1.6 x 103 
Air recirculation no 
Material recirculation yes 
Material of construction MS 
Fan capacity (std. ft?/min) 18,000 
Installed fan HP 110 
Product exit temperature (°F) 200 





Spent Organic Chicken Fine Coal 
Grain Chemical Droppings Filter Cake 
belt screw pump screw 
- -30 - -30 
9000 900 2300 2000 
60 37 70 30 
12 3 12 8.5 
1200 450 1300 1200 
200/300 200/300 200/300 200/300 
direct direct direct direct 
oil oil oil oil 
1.8 x 103 3.1 x 10? 1.9x 10° 1.4 x 103 
no no no no 
yes no yes no 
MS/SS MS MS MS 
22,000 4300 8500 1500 
180 30 50 10 
— 200 — 135 


(Courtesy International Combustion Products Ltd.; Williams—Gardner, 1971). 
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TABLE 9.13—(continued) 


(6) Buttner-Rosin Pneumatic Dryer 


Metallic 

Stearate 
Method of feed sling 
Material size fine 
Product rate (Ib/hr) 280 
Initial moisture (% w/w basis) 40 
Final moisture (% w/w basis) 0.5 
Air inlet temperature (°F) 284 
Air outlet temperature (°F) 130 
Method of heating steam 
Heat consumption (Btu/Ib/water evaporated) 2170 
Air recirculation no 
Material recirculation yes 
Fan capacity (std. ft?/min) 1440 
Installed fan HP 15 
Product exit temperature (°F) 104 


(Courtesy Rosin Engineering Ltd.; Williams—Gardner, 1971). 


(c) Pennsalt-Berks Ring Dryer 


Metal? 
Stearates 


belt 
feeder 
rotary 
Method of Feed valve 
Product rate (Ib/hr) 240 
Initial moisture (% w/w basis) 55 
Final moisture (% w/w basis) 1 


Air inlet temperature (°F) 250 
Air outlet temperature (°F) 150 
Method of heating steam 
Heat consumption (Btu/lb water evaporated) 2900 
Air recirculation no 
Material recirculation yes 
Material of construction 55 
Fan capacity (std fi?/min) 3750 
Installed fan HP 20 


? Ring dryer application. 
(Courtesy Pennsalt Ltd.; Williams—Gardner, 1971). 


(d) Various Pneumatic Dryers 


Starch 


sling 
fine 
13,236 
34 
13 
302 
122 
steam 
1825 
no 
no 
26,500 
220 
95 


Spent” 
Grains 


back 

mixer 
rotary 
valve 


1120 
80 
5 
500 
170 
gas 
1800 
no 
yes 
MSG 
16,500 
75 


Gas 
Tube Tube Rate 
Dia Height  (m3/hr) 
Material Location (cm) (m) (МТР) In Out = (kg/hr) 
Ammonium 
sulphate Japan 18 1 1100 215 76 950 
Sewage sludge 
filter cake U.S.A. — -- 1200 700 121 2270 
Coal 6 mm U.S.A. — — 50,000 371 80 51,000 
Hexamethylene 
tetramine Germany 30 38" 3600 93 50 2500 


2 23 m vertical, 15 m horizontal. 


(Nonhebel 


and Moss, 1971). 


Adipic 
Acid 


screw 
—30 mesh 
10,000 
10 
0.2 
320 
149 
steam 
2400 
no 
yes 
9500 
65 
120 


Sewage^ 


Sludge 


vibratory 
feeder 
rotary 
valve 


4300 
45 
12 

600 
170 
oil 

1750 
no 

yes 
MS 

8250 

60 


Fiber 


distributor 
-iin. 
2610 
62.4 
10 
752 
230 
oil 
1720 
no 
yes 
12,500 
60 
140 


Starches 


cascading 
rotary 
valve 
screen 





In Out 
38.5 63 
15 71 
15 57 

— 48 


Gas Temp (°C) Solid Solid Temp (°C) Moisture (%) 
— Rate 


In Out 
2.75 0.28 
80 10 

9 3 


6-10 0.08-0.15 


Coal Filter 
Cake 


distributor 
—30 mesh 
67,200 
32 
6 
1292 
212 
PF 
1590 
yes 
yes 
27,000 
250 
158 


Polystyrene 
Beads 


vibratory 
feeder 
rotary 
valve 


Air/Solid 
Ratio 
Water 
Evaporated 
(kg/hr) 


3 


(т /kg) 
(NTP) (kg/kg) 


1.2 1.5 23.5 
1590 


4350 


7.2 
1.3 


5.3 
1.0 
18.1 


1.4 1.9 


Outlet 
gases 





Cyclone 


(a) 


1. 
2 

3 
4 
5 
6. 
7, 
8. 
9 
О 


Коп 

. Ring duct 
. Manifold 
. Injector 
. Air outlet 
Feeder 
Filter 
Heater 

. Cyclone 

. Disintegrator 
. Bag filter 
. Discharge 


тб 
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| 


| 


Classifier 








Recirculation 


duct Stack 


Twin primary 
cyclones 





Expansion 
bellows 


Change over flap 


Drier duct 


Distributor 


Bottom bead 





Combustion chamber 


(b) 





Figure 9.12. Examples of pneumatic conveying dryers; corresponding performance data are in Table 9.13. (a) Raymond flash dryer, with a 
hammer mill for disintegrating the feed and with partial recycle of product (Raymond Division, Combustion Engineering). (b) Buttner-Rosin 
pneumatic dryer with separate recycle and disintegration of large particles (Rosin Engineering Ltd.). (c) Berks ring dryer; the material 
circulates through the ring-shaped path, product is withdrawn through the cyclone and bag filter (Pennsalt Chemical Co.). 


complete drying is a recirculation scheme like that of Figure 
9.13(e). In batch operation the time can be made as long as 
necessary. 

Stable fluidization requires a distribution of particle sizes, 
preferably in the range of a few hundred microns. Normally a size 
of 4 mm or so is considered an upper limit, but the coal dryers of 
Tables 9.15(a) and (b) accommodate sizes up to 0.5 іп. Large and 
uniformly sized particles, such as grains, are dried successtully in 
spouted beds [Fig. 9.13(f)]: Here a high velocity gas stream entrains 
the solid upward at the axis and releases it at the top for flow back 
through the annulus. Some operations do without the mechanical 
draft tube shown but employ a naturally formed central channel. 


One way of drying solutions or pastes under fluidizing 
conditions is that of Figure 9.13(g). Here the fluidized mass is of 
auxiliary spheres, commonly of plastic such as polypropylene, into 
which the solution is sprayed. The feed material deposits uniformly 
on the spheres, dries there, and then is knocked off automatically as 
it leaves the drier and leaves the auxiliary spheres behind. When a 
mass of dry particles can be provided to start a fluidized bed drying 
process, solutions or pastes can be dried after deposition on the 
seed material as on the auxiliary spheres. Such a process is 
employed, for instance, for growing fertilizer granules of desired 
larger sizes, and has largely replaced rotary dryers for this purpose. 

A few performance data of batch fluid dryers are in Table 
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EXAMPLE 9.8 

Sizing a Pneumatic Conveying Dryer 
A granular solid has a moisture content of 0.035 kg/kg dry material 
which is to be reduced to 0.001 kg/kg. The charge is at the rate of 
9.72 kg/sec, is at 60°С and may not be heated above 90?C. Inlet air 
is at 450°С and has a moisture content of 0.013 kg/kg dry air. 


Т, 0, — 


T. 9,— 


т, = 972 kg/s 





Т, = 450 С 
g, = 0.013 kg/kg 


Specific gravity of the solid is 1.77 and Из heat capacity is 
0.39 cal/g°C. The settling velocity of the largest particle present, 
2.5mm dia, is 10m/sec. Heat capacity of the air is taken as 
0.25 cal/g °С and the latent heat at 60°С as 563 cal/g. Experimental 
data for this system are reported by Nonhebel and Moss (1971, pp. 
240ff) and are represented by the expressions: 

Heat transfer coefficient: 


ha = 0.47 cal/(kg solid)(°C). 
Vapor pressure: 


P = exp(13.7419 — 5237.0/Т), 


Т, = 60 С 
w, = 0.035 kg/kg 


atm, К. 
Mass transfer coefficient: 
К.а = exp(—3.1811 — 1.7388 In w — 0.2553(In w^, 


where w is the moisture content of the solid (kg/kg) in the units kg 
water/(kg solid)(atm)(sec). 

In view of the strong dependence of the mass transfer 
coefficient on moisture content and the 35-fold range of that 
property, the required residence time and other conditions will be 
found by analyzing the performance over small decrements of thc 
moisture content. 

An air rate is selected on the assumption that the exit of the 
solid is at 85°С and that of the air is 120°C. These temperatures 
need not be realized exactly, as long as the moisture content of the 
exit air is below saturation and corresponds to a partial pressure less 
than the vapor pressure of the liquid on the solid. The amount of 
heat transferred equals the sum of the sensible heat of the wet solid 
and the latent heat of the lost moisture. The enthalpy balance is 
based on water evaporating at 60°С: 


т, [00.39 + 0.001)(85 — 60) + (0.035 — 0.001)(85 — 60 + 563)] 
= т, [(0.25 + 0.480(0.001))(450 — 120) + 0.48(0.034)(120 — 60), 


3.46 kg/sec, 
29.77(9. 
= 29-TH(9.72) _ 7.08 m?/sec ах 450°C, 


83.64 
3.85 т?/ѕес at 120°C. 


s, 29.71, 
4- 83.64 





Ата tower diameter of 0.6 m, 





U= Q _ P m/sec at 450°C, 

0.36л/4 (13.6 т/ѕес at 120°C. 
These velocities are great enough to carry the largest particles with 
settling velocity of 10 m/sec. 

Equations are developed over intervals in which Ил > W,, 
T, Т,, and Tj Т. 

The procedure will be: 


1. Start with known W,, 7), and Ti. 

2. Specify a moisture content W,. 

3. Assume a value Т, of the solid temperature. 

4. Calculate Т; from the heat balance. 

5. Check the correctness of T, by noting if the times for heat and 
mass transfers in the interval are equal. 


-.98 . O0 . 
ha(AT), 0.47(АТ),, 
ии 


Om = kea (AP) 


On 


Heat balance: 
m,0.391(7; — Т) + (W, — СТ, — T, + 563)] 
= т, {[0.25 + 0.48(0.001](Т; – Т) 
+ 0.48(W, — УСТ» — 60)). 
Substitute т, /т, = 9.72/3.46 = 2.81 and solve for Т). 


T;- 
—0.25048T + 28.8(W, — W) + 2.81 
х [0.3902 — 7) + (W, - №) (2, — T, + 563)] 


0.48(W, — W,) — 0.25048 
(1) 
&1=0.013+ a (W; — 0.013) = 0.013 + 2.81(W, — 0.013). (2) 


а 


81 81 





P= 18/29 +g, 70.207 те (partial pressure in air). (3) 
22 = 0.013 + 2.81(W, — 0.013). (4) 
E £2 
P= 062074 ` (5) 
Pa, = exp[13.7419 — 5237.9/(Т, + 273.2)], vapor pressure. (6) 
Pa, = exp[13.7419 — 5237.9/(T; + 273.2)]. (7) 
(Pa, — Pj) — (Pa; — P.) 
АРуь= — BALL. ER 8 
(АР ^ арат P/(Pa; — P2] 9 
Ti - 7, - (75 - D) 

Аи. 9 
Ты т TNT TA e 
AQ = 0.391(7, Т) + (W, — W5)(T; — T, + 563), 

per kg of solid. (10) 
W =0.5(W, + М). (11) 
К,а = exp[—3.1811 — 1.7388 In W — 0.2553(In W }?]. (12) 
9, = АО/[па(АТ) = АО/0.43(АТ)„, heating time. (13) 
Om = (W, - W,)/k,a(AP),,, mass transfer time. (14) 
Z = 0, — 0,,— 0 when the correct value of 7, 
has been selected. (15) 


After the correct value of Т, has been found for a particular 
interval, make W,—5W,, 157, and Т;— Ту. Specify a 


EXAMPLE 9.8—(continued) 


decremented value of W,, assume a value of T}, and proceed. The 


solution is tabulated. 


Ww T T (sec) 
0.035 60 450 0 
0.0325 73.04 378.2 0.0402 
0.03 75.66 352.2 0.0581 
0.025 77.41 315.3 0.0872 
0.02 77.23 2867 041133 
0.015 76.28 2613 0.1396 
0.01 75.15 236.4 0.1687 
0.005 74.67 208.4 0.2067 
0.003 75.55 1924 0.2317 
0.001 79.00 165.6 0.2841 


When going directly from 0.035 to 0.001, 


T, — 80.28, 
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эй INPUT М1,М2,Т1.Н1 ! Al is th 
е inlet air temr ТІ! 

48 IMPUT T2 ! Trial value 

56 Rzzs£é2.891XC.391xXcT2-T12o9CH1—H 
2эЖж<Т2-Т1і%56392- .25й848ЖВізг28 
.SXíWH1-MHz5257C. 48XCMH1-M22-.25 
й48 > 

Ей G1i-.BBi3-2.81xXcW1-.0i22? 

ей Рі-пі/с 6287612 

80 G2-.01342.81XCH2-.013» 

эй P2e=Gerd 6207+G2) 

108 WIi=EXPC13.7419-5237 .9-0714+27 

г839 і waPor pressure 

118 QO2-ERXPC13. 7419-5237 .3-¢(T2e+2? 
3.2223 

i280 P3-«amBi-Pi-au24P23/LOüGCOB1-P1»5 
4Xt£Q2-P255 ! ZAP»1m 

130 T32s&R1-T1-h24T2»*4LOGCXCHI1- T1? 
ÁZXCR2-T255 ! {АТУ 1м 

14a üG-.391xXxcTz-Ti1»-CMWli-HzoxcT2-T 


Т) = 144.04, 
0 — 0.3279 sec. 


The calculation coulá be repeated with a smaller air rate in order to 
reduce its exit temperature to nearer 120°C, thus improving thermal 
efficiency. 
In the vessel with diameter — 0.6 m, the air velocities are 
Б {29 m/sec аг 450°C inlet 
на | 515 m/sec at 165?C outlet 


20.1 m/sec average. 


The vessel height that will provide the needed residence time is 
Н = й,0 = 20.1(0.2841) = 5.70 m. 


Very fine particles with zero slip velocity will have the same 
holdup time as the air. The coarsest with settling velocity of 
10 m/sec wili have a net forward velocity of 


ii, = 20.1— 10 = 10.1 m/sec, 
which corresponds to a holdup time of 
8 =5.7/10.1 = 0.56 sec, 


which is desirable since they dry more slowly. 
After the assumption of 75, other quantities are evaluated in 
the order shown in tbis program. 
16 i Examrie 9.8. Pneumatic can 
verinagq drrer 
zA ! Findings the exit solids te 
mE TZ b» trial, then all der 
endent auantities 


9.14(a). This process is faster and much less labor-intensive than 
tray drying and has largely replaced tray drying in the pharma- 
ceutical industry which deals with small production rates. Drying 
rates of 2-10 Ib/(hr)(cuft) are reported in this table, with drying 
times of a fraction of an hour to several hours. In the continuous 
operations of Table 9.15, the residence times are at most a few minutes. 

Thermal efficiency of fluidized bed dryers is superior to that of 
many other types, generally less than twice the latent heat of the 
water evaporated being required as heat input. Power requirements 
are a major cost factor. The easily dried materials of Table 9.15(a) 
show evaporation rates of 58-1031b/(hr)(HP installed) but the 
more difficult materials of Table 9.15(d) show only 5-18 Ib/(hr) (HP 


145633 

158 Hi=Q- А4Р?/Т3 ! heatins time 

168 W=.S5*k¢Withe> 

176 K-zEXPC-Z2.1811-1.7388X*XLOGCW5— 
.e533XLO0GCH»^2^ 

188 Hz-zWi1-HW2»^K^P3 ! 
on time 

198 Z-Hi-H2 ! time difference zh 
ould be zero 

206 DISP Z 

21й DISP R2.Hl 

220 GOTO 40 ! if Z is not near е 
rough to zero; otherwise the 
Correct value at T2 has bee 
n found 

230 END 


vaParizati 


Data for the first interval 


Міс .й35 

Ме- азая 

Тіс 73.64 

T1'= 450 

Тес гЗ. 

T2'- 378. 1659659111 
Time- 4. 8225368647 95E-2 


installed). The relatively large power requirements of fluidized bed 
dryers are counterbalanced by their greater mechanical simplicity 
and lower floor space requirements. 

Air rates in Table 9.15 range from 13 to 793 SCFM/sqft, which 
is hardly a guide to the selection of an air rate for a particular case. 
А gas velocity twice the minimum fluidization velocity may be taken 
as a safe prescription. None of the published correlations of 
minimum fluidizing velocity is of high accuracy. The equation of 
Leva (Fluidization, McGraw-Hill, New York, 1959) appears to be 
as good as any of the later ones. It is 


Gy = 688D 5 [o (p, = re) eel oe s5, (9.20) 
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where Си; is in Ib/(hr)(sqft), p, and p, are densities of the gas and 
solid (Ib/cuft), D, is the particle diameter (in.), and и is the gas 
viscosity (cP). In view of the wide scatter of the data on which this 
correlation is based, shown on Figure 6.14(f), it appears advisable 
to find the fluidization velocity experimentally for the case in hand. 

Although it is embarrassing again to admit the fact, 
unfortunately all aspects of fluidized bed drying must be established 
with pilot plant tests. The wide ranges of performance parameters 
in Tables 9.14 and 9.15 certainly emphasize this conclusion. A 
limited exploration of air rates and equipment size can be made on 
the basis of a drying rate equation and fluidization correlations from 
the literature. This is done in Example 9.9. A rough approximation 
of a drying rate equation can be based on through circulation drying 
of the granular material on a tray, with gas flow downward. 








chamber collector 


plate 


produc? 
discharge 


(a) 


9.10. SPRAY DRYERS 


Suitable feeds to a spray dryer are solutions or pumpable pastes and 
slurries. Such a material is atomized in a nozzle or spray wheel, 
contacted with heated air or flue gas and conveyed out of the 
equipment with a pneumatic or mechanical type of conveyor. 
Collection of fines with a cyclone separator or filter is a major 
aspect of spray dryer operation. Typical equipment arrangements 
and flow patterns are shown in Figure 9.14. 

The action of a high speed spray wheel is represented by Figure 
9.14(e); the throw is lateral so that a large diameter vessel is required 
with this form of atomization, as shown in Figure 9.14(a). The flow 
from nozzles is largely downward so that the dryer is slimmer and 
taller. Parallel flow of air and spray downward is the most common 


Clean gas 
discharge 


| Wet material 





Fj—-—» To cyclone 


| Dry material 


(b) 


Figure 9.13. Fluidized bed dryers. (a) Basic equipment arrangement (McCabe and Smith, Unit Operations in Chemical 
Engineering, McGraw-Hill, New York, 1984). (b) Multiple bed dryer with dualflow distributors; performance data are 
in Table 9.14(b) (Romankov, in Davidson and Harrison, Fluidisation, Academic, New York, 1971). (c) A two-bed 
dryer with the lower one used as cooler: (a, b, c) rotary valves; (d) drying bed; (e) cooling bed; (f, g) air distributors; 
(h, i) air blowers; (К) air filter; (1) air heater; (m) overflow pipe; (n) product collector (Kroll, 1978). (d) Horizontal 
multizone dryer: (a) feeder; (b) air distributor; (c) fluidized bed; (d) partitions; (e) dust guard; (f) solids exit; (g) drying 
zone; (h) cooling zone; (i, k) blowers; (1, m) air plenums; (n) air duct; (o) dust collector; (p) exhaust fan (Kroll, 1978). 
(e) Circulating fluidized bed used for removal of combined water from aluminum hydroxide: (a) feed; (b) fluidized bed; 
(c) solids exit; (d) fuel ой inlet; (с) primary air inlet; (f) secondary air inlet; (g) gas exit (Kroll, 1978). (f) Spouted bed 
with draft tube for drying coarse, uniform-sized granular materials such as grains [Yang and Keairns, AIChE Symp. 
Ser. 176, 218 (1978), Fig. 1]. (g) Fluidized bed dryer for sludges and pastes. The fluidized solids are fine spheres of 
materials such as polypropylene. The wet material is sprayed in, deposits оп the spheres and dries there. At the outlet 
the spheres strike a plate where the dried material is knocked off and lcaves the dryer as flakes. The auxiliary spheres 
remain in the equipment: (a) feed; (b) distributor; (c) spheres loaded with wet material; (d) returning spheres; (е) 
striking plate; (f) hot air inlet; (2) air and solids exit (Kroll, 1978). 
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(е) (f) 
Figure 9.13—(continued) 


arrangement, but thc left-hand figure of Figure 9.14(d) is in 
counterflow. Figure 9.14(с) has tangential input of cooling air. In 
some operations, the heated air is introduced tangentially; then the 
process is called mixed flow. Most of the entries in Table 9.16(a) are 
parallel fiow; but the heavy duty detergent is in counterflow, and 
titanium dioxide is either parallel or mixed flow. Counterflow is 
thermally more efficient, results in less expansion of the product 
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particles, but may be harmful to thermally sensitive products 
because they are exposed to high air temperatures as they leave the 
dryer. The flat bottomed drycr of Figure 9.14(c) contacts the exiting 
solids with cooling air and is thus adapted to thermally sensitive 
materials. 

Two main characteristics of spray drying are the short drying 
time and the porosity and small, rounded particles of product. Short 
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TABLE 9.14. Performance Data of Fluidized Bed Dryers: Batch and Multistage Equipment 


(a) Batch Dryers 


Ammonium 


Bromide 

Holding capacity (Ib wet product) 100 
Bulk density, dry (Ib/ft?) 75 
Initial moisture (% w/w basis) 6 

Fina! moisture (% w/w basis) 1 

Final drying temperature (°F) 212 
Drying time (min) 20 
Fan capacity (f /min at 11 in. w.g.) 750 
Fan HP 5 

Evaporation rate (Ib H,O/hr) 15 


(Courtesy Calmic Engineering Co. Ltd.; Williams-Gardner, 1971). 


(b) Multistage Dryers with Dual-flow Distributors [Equipment Sketch in Fig. 9.13(b)] 


Function 


Material 


Particle size (diameter)(mm) 
Material feed rate (metric tons/hr) 
Column diameter (m) 
Perforated trays (shelves): 
Hole diameter (mm) 
Proportion of active section 
Number of trays 
Distance between trays (mm) 
Total pressure drop on fluidized bed (kgf/m?) 
Hydraulic resistance of material on one tray (kgf/m?) 
Inlet gas temperature (*C) 
Gas inlet velocity (m/sec) 
Material inlet temperature (°С) 
Material discharge temperature (°C) 
Initial humidity (96 on wet material) 
Final humidity (% on wet material) 
Blower conditions 
Pressure (kgf/m?) 
Throughput (m?/min) 


Power consumption (HP) 


? With grids and two distributor plates. 





Lactose 
Base Pharmaceutical Liver Weed 
Granules Crystals Residue Killer 
104 160 280 250 
30 20 30 35 
10 65 50 20-25 
2 0.4 Б.0 1.0 
158 248 140 140 
90 120 75 210 
1500 3000 4000 3000 
10 20 25 20 
5.7 52 100 17 
Heater Cooler Drier Cooler 
Wheat Wheat Quartz 
Grains Grains Slag Sand 
5x3 5x3 0.95 1.4 
15 1.5 7.0 4.0 
0.90 0.83 1.60 1.70 
20 20 20; 10 20 
0.4 0.4 0.4; 0.4 0.4 
10 6 12 20 
20 20 25; 40 15 
113 64 704 40 
7.8 92 20; 10 18 
265 38 300 20 
8.02 3.22 4.60 0.74 
68 175 20 350 
175 54 170 22 
25 — 8 — 
28 — 0.5 — 
450 250 420 250 
180 130 360 100 
(802С) (50°C) (70°C) (35°С) 
50 20 75 7.5 


(Нотапкоу, in Davidson and Harrison, Fluidisation, Academic, New York, 1971). 


drying time is a particular advantage with heat sensitive materials. 
Porosity and small size are desirable when the material sub- 
sequently is to be dissolved (as foods or detergents) or dispersed 
(as pigments, inks, etc.). Table 9.17 has some data on size 
distributions, bulk density, and power requirements of the several 
types of atomizers. 

The mean residence time of the gas in a spray dryer is the ratio 
of vessel volume to the volumetric flow rate. These statements are 
made in the literature regarding residence times for spray drying: 


Source Time (sec) 


Heat Exchanger Design Handbook (1983) 5-60 
McCormick (1979) 20 
Masters (1976) 20—40 (parallel flow) 


Nonhebel and Moss (1971) «60 
Peck (1983) 5-30 
Wentz and Thygeson (1979) «60 


Williams—Gardner (1971) 4-10 («15 ft dia) 
10-20 {>15 ft dia) 


Residence times of air and particles are far from uniform; Figure 
9.5(a) and (b) is a sample of such data. 

Because of slip and turbulence, the average residence times of 
particles are substantially greater than the mean time of the air, 
definitely so in the case of countercurrent or mixed flow. Surface 
moisture is removed rapidly, in less than 5 sec as a rule, but falling 
rate drying takes much longer. Nevertheless, the usual drying 
operation is completed in 5-30 sec. The residence time distribution 
of particles is dependent on the mixing behavior and on the size 
distribution. The coarsest particles fall most rapidly and take 
longest for complete drying. If the material is heat-sensitive, very 
tall towers in parallel fiow must be employed; otherwise, 
countercurrent or mixed flows with high air temperatures may 
Suffice. In some cases it may be feasible to follow up incomplete 
spray drying with a pneumatic dryer. 

Drying must be essentially completed in the straight sided 
zones of Figures 9.14(a) and (b). The conical section is for gather- 
ing and efficient discharge of the dried product. The lateral throw 
of spray wheels requires a vessel of large diameter to avoid 
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TABLE 9.15. Performance Data of Continuous Fluidized Bed Dryers 


(a) Data of Fluosatatic Ltd. 

















Coal Sand Silica Sand Limestone гоп Ore 
Material size, mesh i-0 -25-0 -18-0 5-0 -$-0 
Method of feed twin bucket conv. сопу. сопу. 
screw elev. 
Product rate (Ib product/hr) 448,000 22,400 112,000 67,000 896,000 
Initial moisture (% w/w basis) 11 6 6 15 3 
Final moisture (96 w/w basis) 5.5 0.1 0.1 0.1 0.75 
Residence time (min) 1 1.25 1.5 1.25 0.5 
Dryer diameter (ft) 10 3.0 7.25 5.5 8.5 
Fluid bed height (in.) 18 12 12 12 18 
Air inlet temperature (°F} 1000 1200 1200 1200 1200 
Air outlet temperature (°F) 170 212 212 212 212 
Air quantity (f /min std.) 40,000 2000 9000 13,000 45,000 
Material exit temperature (°Е) 140 220 220 220 220 
Evaporation (Ib/hr) 24,640 1430 6720 11,880 20,400 
Method of heating coal gas oil oil oil 
Heat consumption (Btu/lb water evaporated) 1830 1620 1730 1220 2300 
Fan installed HP 240 20 80 115 350 
(Williams-Gardner, 1971). 
(bj Data of Head Wrightston Stockton Ltd. 
Silicious Glass 
Coal Grit Sand Sand Asphalt 
Method of feed screw chute chute chute chute 
feeder 
Material size -iin. —1 in. —36 mesh —45 in. — in. 
Product rate (Ib oroduct/hr) 190,000 17,920 15,680 33,600 22,400 
Initial moisture (96 w/w basis) 14 5 7 5 5 
Final moisture (% w/w basis) 7 0 0 0 0.5 
Residence time (min) 2 13 3 3 10 
Dryer diameter 7 ft3 in. 3ft0 in. 4ft Gin. 6 ft Gin. 8 ft Cin. 
Fluid bed height (in.) 21 12 12 12 24 
Air inlet temperature (°F) 1000 1400 1400 1400 470 
Air outlet temperature (°F) 135 230 230 230 220 
Air quantity (ft*/min std) 20,000 2000 2000 3500 7000 
Material exit temp (°F) 140 230 230 230 220 
Evaporated rate (Ib/hr) 11,200 896 1097 1680 1120 
Method of heating coke- gàs oil town gas oil gas oil 
oven gas 
gas 
Heat consumption (Btu/Ib water evaporated) 2000 2250 2000 2200 1800 
Fan installed HP 210 32i 18 30 90 
(Wiiliams~Gardner, 1971). 
(c) Data of Pennsalt Ltd. 
Abrasive Clay Granular Household 
Grit Granules Sand Desiccant Salt 
Product rate (Io/hr) 2200 1000 14,000 150 13,500 
Initial moisture (% w/w basis) 9 22 6 25 4 
Final moisture (% w/w basis) dry 3 dry 7 0.03 
Air inlet temperature (°F) 580 160 325 300 390 
Air outlet temperature (°F) 210 120 140 205 230 
Method of heating gas steam gas gas steam 
Heat consumption (Btu/Ib water evaporated) 2700 3800 2700 3600 5100 
Bulk density (Ib/ft?) 120 60 90 30 60 
Average drying time (min) 2.5 30 3 24 4 
Fan capacity (ft?/min std.) 2.5 1.35 1.05 0.84 1.05 
Installed fan НР 10 45 25 Б 50 


(Williams~—Gardner, 1971). 
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TABLE 9.15—(continued) 
(d) Data of Rosin Engineering Ltd. 


Sodium 

Perborate 
Method of feed screw 
Material size 30-200 

mesh 
Product rate (Ib product/hr) 11,400 
Initial moisture (96 w/w basis) 3.5 
Final moisture (% w/w basis) 0.0 
Residence time (min) 1.5 
Drier bed size (ft x ft) 22.5x 5.5 
Fluid bed height (in.) 4 
Air inlet temperature (^F) 176 
Air outlet temperature (°F) 104 
Air quantity (ft?/min std) 6600 
Material exit temperature (°F) 104 
Evaporation (lb/hr) 400 
Method of heating steam 
Heat consumption (Btu/Ib water evaporated) 2100 
Fan installed HP 33 


(Williams-Gardner, 1971). 


Weed 
Killer PVC Coal Sand 
vibrator screw vibrator vibrator 
5—1 mm 60-120 3 mesh- 30-120 
Наке mesh zero mesh 
5100 10,075 440,000 112,000 
14 2.0 8 8 
0.2 0.2 1 0.2 
11 30 0.3 0.45 
18х 4.5 23х6 16х 6.6 12.5 х 3.2 
3 18 5 6 
212 167 932 1202 
150 122 180 221 
14,200 5400 67,330 8000 
205 122 180 212 
720 183 33,440 9750 
steam steam coke-oven oil 
gas 
3060 4640 1970 2200 
40 34 600 70 





EXAMPLE 9.9 

Sizing a Fluidized Bed Dryer 
A wet solid at 100°F contains W —0.31b water/Ib dry and is to be 
dried to W = 0.01. Its feed rate is 100 Ib/hr dry. The air is at 350°F 
and has H,,=0.015lb water/lb dry. The rate of drying is 
represented by the equation 


- a =60(H,—H,), (Ib/Ib)/min. 


The solid has a heat capacity 0.35 Btu/(Ib)(°F), density 150 Ib/cuft, 
and average particle size 0.2 ит (0.00787іп.). The air has a 
viscosity of 0.023 cP and a density of 0.048 Ib/cuft. The fluidized 
bed may be taken as a uniform mixture. А suitable air rate and 
dimensions of the bed will be found: 







$ = 100 lb/hr 
W, = 0.3 
T,q = 100 Е (Т) 






А 


W = 0.01 
TOÀ 


Hyp = 0.015 (H) 
То = 350 Е (Т) 


Symbols used in the computer program are in parentheses. 
Minimum fluidizing rate by Leva's formula: 


688DL*[0.048(150 — 0.048)]°°* 


G „= 
mf иб. 88 





_ 688(0.00787)" *[0.048(150 - 0.048)]^?* 
(0.023955 
= 17.17 Ib/(hr)(sqft). 





Let С; = 2С„„ = 34.34 Ib/(hr)(sqft). 
Expanded bed ratio 


(L/L) = (Gif Gm) = 2° = 1.16, 
Take voidage at minimum fluidization as 


£j, = 0.40, 
^. & = 0.464, 


Drying time: 


g- MW _ 03-001 | 
^6XH,-H, 6XH,-H, (1) 





Since complete mixing is assumed, H, and H, are exit 
conditions of the fluidized bed. 
Humidity balance: 


A(H, – Н) = $(W- W), 
Н, = 0.015 + 0.298/A. (2) 


Average heat capacity: 


C, = (С, + Cz) = 0.24 + 0.45[(0.015 + Н,)/2] 
= 0.2434 + 0.225Н.. (3) 


Heat balance: 


АС, S, Т,) = SIC, + ХТ, — Т) + ACM - №), 
(A/S)C,(350 — Т,) = 0.36(T, - 100) + 900(0.29). (4) 


EXAMPLE 9.9—(continued) 


Adiabatic saturation line: 


T-T 


z LS H) = (н, - H,). 


Vapor pressure: 


Р, = exp[11.9176 — 7173.9/(T; + 389.5)]. 


Saturation humidity: 


.18 B 
57291- P, 





Eliminate 7; between Eqs. (4) and (5): 








0.36(7; — 100) + 261 
Т, = 350 КС, 

906(H, — H. , 
sn, ет, ne 


5 


т]. 


(5) 


(6) 


C) 


(8) 


Procedure: For a specified value of R = А/$, solve Eqs. (6), 


(7), and (8) simultaneously. 


Take 








R 7, т, „о оң 
5 145.14 119.84 0.0730 0.0803 
6 178.11 119.74 0.0633 0.0800 
8 220.09 119.60 0.0513 0.0797 
10 245.72 119.52 0.0440 0.0795 
12 262.98 119.47 0.0392 0.0794 
R = 101b air/Ib solid, 
А = 10(100) = 1000 Ib/hr, 
0 — 0.136 min. 
Cross section: 
А/С; = 1000/34.34 = 29.12 sqft, 6.09 ft dia. 
Avg density: 
3(1/20.96 + 1/19.03) = 0.0501 Ib/cuft. 
Linear velocity: 
С, 34.34 
A 24.62 ipm. 


7 ре(60) 0.0501(0.464)(60) 
Bed depth: 


L — u0 = 24.62(0.136) = 3.35 ft. 


Ө (min) 


0.662 
0.289 
0.170 
0.136 
0.120 


Note: In а completely mixed fluidized bed, the drying time is 


determined by the final moisture contents of the air and solid. 


9.10. SPRAY DRYERS 273 


When drying is entirely in the falling rate period with rate equation 


-4W НО wey, 


740 W, 


the drying time will be 


REL 
КН, – HW 


where Н,, H,, апа № are final conditions. When the final W is 
small, 0.01 in the present numerical example, the single stage drying 
time will be prohibitive. In such cases, multistaging, batch drying, 
or some other kind of drying equipment must be resorted to. 








ій | Example 3.2. Fluidized bed 
dryer 
эй INPUT k ! -Н/5, ratio of rat 
es of flow of air and solid 
zB H4= 919+ 29-R ! =Ha 
49 Ci=.2434+ 225%HS 
ай IMPUT 74 ! Trial value of Ts 
66 GOSUB 2898 
үй Yi=¥ 
ЗА T4=1.@@614#T4 
28 GOSUB 246 
186 Y2zW 
118 K-.G881Xv1^cv2-Yv1» 
124 Т4=74/1.йй01-Е 
130 DISP T4 
i4@ IF HESZzK-T43z-.mnamadi THEN 16 
a 
15й GOTO 464 
164 DISP USING 178 ; Р,Т3,Та,Н3, 
H4.75 
174 IMAGE DO. x: 00C. 0. 8: 000. D.X.. 
000 .x..D0DDD.X, . 006 
188 EHD 
ТИЙ ! SRE for T4 
Zia =ЕХ АРС11.9176-71/2.9/(74%389 
228 H4-iBXP^29-201-P» | = Hs 
РІН T32T4-3900XiH4-H3»^Ci ! = Ta 
240 Ұс--Т3%358-( .36ЖСТ4-іййужгбіо 
“RYE 
250 TS=.29-CH4-H32-66 № = time 
ПЕЙ RETURN 
гей EHD 
R T T H H Time 
___в 5 в 
5 145.1 119.84 га 08094 662 
& 178.11 113.74 0633 азий 2823 
а 228.1 119.61 .H513 .BH?9rv 2190 
ій 245.7 119.593 .844й 0793 2126 
iz 262.8 119.47 .839р 0794 тая 
15 рай.4 119.42 9343 .C?592 188 
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Figure 9.14. Spray dryer arrangements and behavior. (а) Spray dryer equipped with spray wheel; straight section L/D = 0.5-1.0 (Proctor and 
Schwartz Inc.). (b) Spray dryer equipped with spray nozzle; straight section L/D = 4—5 (Nonhebel and Moss, 1971). (c) Spray dryer for very 
heat sensitive products; flat bottom, side air ports and air sweeper to cool leaving particles. (d) Distribution of air temperatures in parallel 
and countercurrent flows (Masters, 1976, p. 18, Fig. 1.5). (e) Droplet-forming action of a spray wheel (Stork- Bowen Engineering Co.). 
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TABLE 9.16. Performance Data of Spray Dryers 
(а) Data of Kroll (1978) 





Moisture Air 
Content Temperature 
TOTO Spray Flow TTT 
Kind of Stock In (%) Out (%) Device Pattern іп (C) Out (°C) 
Skim milk, d = 60 ит 48—55 4 wheel ог parallel 250 95-100 
50-60 4 nozzle 
170-200 bar parallel 250 95—100 
Whole milk 50-60 2.5 wheel or 
nozzle 
100-140 bar parallel 170—200 
Eggs, whole 74—76 2-4 wheel or 
nozzle parallet 140-200 50—80 
Eggs, yolks 50-55 2-4 wheel or 
nozzle parallel 140-200 50-80 
Eggs, whites 87-90 7-9 wheel ог 
nozzle parallel 140-200 50-80 
Coffee, instant, 300 um 75-85 3-3.5 nozzle paralle! 270 110 
Теа, instant 60 2 nozzle, 
27 bar parallel 190—250 
Tomatoes 65-75 3-3.5 wheel parallel 140-150 
Food yeast 76-78 8 wheel parallel 300—350 100 
Tannin 50-55 4 wheel parallel 250 90 
PVC emulsion, 90% > 80 um 40-70 0.01-0.1 wheel ог 
«60 um nozzle or 
pneumatic parallel 165-300 
Meiamine-urethane—-formaidehyde resins 30-50 0 wheel 
140-160 m/sec parallel 200—275 65—75 
Heavy duty detergents 35-50 8-13 nozzle, 
30-60 bar counter 350-400 90-110 


Kaolin 35--40 1 wheel parallel 600 120 


(bj Performance of a Dryer 18 ft Dia by 18ft High with a Spray Wheel and a Fan Capacity of 11,000 cfm at the 
Outlet? 


Air Temp (°F) 


o — % Water Evaporation 

Material in Out in Feed Rate (Ib/hr) 
Blood, animal 330 160 65 780 
Yeast 440 140 86 1080 
Zinc sulfate 620 230 55 1320 
Lignin 400 195 63 919 
Aluminum hydroxide 600 130 93 2560 
Silica gel 600 170 95 2225 
Magnesium carbonate 600 120 92 2400 
Tanning extract 330 150 46 680 
Coffee extract А 300 180 70 500 
Coffee extract В 500 240 47 735 
Magnesium chloride 810 305 53 1140 

(to dihydrate) 
Detergent A 450 250 50 660 
Detergent B 460 240 63 820 
Detergent C 450 250 40 340 
Manganese sulfate 600 290 50 720 
Aluminum sulfate 290 170 70 230 
Urea resin А 500 180 60 505 
Urea resin В 450 190 70 250 
Sodium sulfide 440 150 50 270 
Pigment 470 140 73 1750 





“Тһе “ап on this dryer handles about 11,000 cuft/min at outlet conditions. The outlet-air temperature includes cold air 
in-leakage, and the true temperature drop caused by evaporation must therefore be estimated from a heat balance. 
(Bowen Engineering Inc.). 
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TABLE 9.17. Particle Diameters, Densities, and Energy 
Requirements 


(a) Atomizer Performance 


Power Input 


Type Size Range (um) (kWh/ 1000 L) 
Single fluid nozzle 8—800 0.3-0.5 
Pneumatic nozzle 3—250 
Spray wheel 2-550 0.8-1.0 
Rotating cup 25-950 
(b) Dry Product Size Range 
Product um 
Skim milk 20-250 
Coffee 50-600 
Eggs 5—500 
Egg white 1-40 
Color pigments 1-50 
Detergents 20—2000 
Ceramics 15—500 


(c) Bulk Density of Sprayed Product as Affected by Air Inlet 
Temperature and Solids Content of Feed? 


Wt % solids 


in feed 


30 40 


0.4 


о 
° 
кә 


Bulk density, g/cc 





100 200 300 
Air inlet, °C 


? The fuil lines are against temperature, the dashed ones against 
concentration: (a) sodium silicate; (b) coffee extract, 2296; (c) water 
dispersible dye, 19.596; (d) gelatin. 

[Data of Duffie and Marshall, Chem. Eng. Prog. 49, 417 480 (1953)]. 


accumulation of wet material on the walls; length to diameter ratios 
of 0.5-1.0 are used in such cases. The downward throw of nozzles 
permits small diameters but greater depths for a given residence 
time; L/D ratios of 4-5 or more are used. 


ATOMIZATION 


Proper atomization of feed is the key to successful spray drying. 
The three devices of commercial value are pressure nozzles, 
pneumatic nozzles, and rotating wheels of various designs. Usual 
pressures employed in nozzles range from 300 to 4000 psi, and 


orifice diameters аге 0.012-0.15 in. An acceptably narrow range of 
droplet sizes can be made for a feed of particular physical properties 
by adjustment of pressure and diameter. Multiple nozzles are used 
for atomization in large diameter towers. Because of the expense of 
motive air or steam, pneumatic nozzles are used mostly in small 
installations such as pilot plants, but they are most suitable for 
dispersion of stringy materials such as polymers and fibers. The 
droplet size increases as the motive pressure is lessened, the range 
of 60-100 psi being usual. The action of a rotating wheel is 
indicated in Figure 9.14(e). Many different shapes of orifices and 
vanes are used for feeds of various viscosities, erosiveness, and 
clogging tendencies. Operating conditions are up to 60,000 Ib/hr per 
atomizer, speeds up to 20,000rpm, and peripheral speeds of 
250—600 ft/sec. 

The main variables in the operation of atomizers are feed 
pressure, orifice diameter, flow rate and motive pressure for nozzles 
and geometry and rotation speed of wheels. Enough is known about 
these factors to enable prediction of size distribution and throw 
of droplets in specific equipment. Effects of some atomizer 
characteristics and other operating variables on spray dryer 
performance are summarized in Table 9.18. A detailed survey of 
theory, design and performance of atomizers is made by Masters 
(1976), but the conclusion is that experience and pilot plant work 
still are essential guides to selection of atomizers. А clear choice 
between nozzles and spray wheels is rarely possible and may be 
arbitrary. Milk dryers in the United States, for example, are 
equipped with nozzles, but those in Europe usually with spray 
wheels. Pneumatic nozzles may be favored for polymeric solutions, 
although data for PVC emulsions in Table 9.16(a) show that spray 
wheels and pressure nozzles also are used. Both pressure nozzles 
and spray wheels are shown to be in use for several of the 
applications of Table 9.16(a). 


APPLICATIONS 


For direct drying of liquids, slurries, and pastes, drum dryers are 
the only competition for spray dryers, although fluidized bed dryers 
sometimes can be adapted to the purpose. Spray dryers are capable 
of large evaporation rates, 12,000—15,000Ib/hr or so, whereas a 
300sqft drum dryer for instance may have a capacity of only 
3000 Ib/hr. The spherelike sprayed particles often are preferable to 
drum dryer flakes. Dust control is intrinsic to spray dryer 
construction but will be an extra for drum dryers. The completely 
enclosed operation of spray dryers also is an advantage when toxic 
or noxious materials are handled. 


THERMAL EFFICIENCY 


Exit air usually is maintained far from saturated with moisture and 
at a high temperature in order to prevent recondensation of moisture 
in parallel current operation, with a consequent lowering of thermal 
efficiency. With steam heating of air the overall efficiency is about 
40%. Direct fired dryers may have efficiencies of 80-85% with inlet 
temperatures of 500-550°С and outlet of 65-70°С. Steam 
consumption of spray dryers may be 1.2-1.8 16 steam/lb evapor- 
ated, but the small unit of Table 9.19(b) is naturally less efficient. A 
10% heat loss through the walls of the dryer often is taken for 
design purposes. Pressure drop in a dryer is 15—50in. of water, 
depending on duct sizes and the kind of separation equipment used. 


DESIGN 


The design of spray dryers is based on experience and pilot plant 
determinations of residence time, air conditions, and air flow rate. 
Example 9.10 utilizes such data for the sizing of a commercial scale 
spray dryer. 
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TABLE 9.18. Effects of Variables on Operation of Spray Dryers 





Variable Increased 


Factors Increased 


Factors Decreased 





Chamber inlet temperature 


Chamber cutlet temperature 


Gas volume rate 


Feed concentration 


Atomizer speed 
Atomizer disc diameter 
For stable lattices 


For unstable lattices 


Atomizer vane depth 
Atomizer vane number 


Atomizer vane radial length 


Feed surface tension 
Chamber inlet gas humidity 


Feed rate and thus: 
product rate, 
particle size (b), 
product moisture content, 
chamber wall build-up (a) 
product thermal degradation 


(a) 


feed rate and thus: 

product rate, 

particle size (b), 

product moisture content, 

chamber wall build-up (a) 
product rate, 

bulk density (5), 

particle size (5) 


bulk density 


coagulation (a) and thus: 
particle size, 
product moisture content, 
chamber wall build-up 
bulk density (5) 


bulk density (5) 
product moisture content, 
chamber wall build-up (a) 


bulk density (5) 


feed rate and thus: 
product rate 
particle size (b) 
product moisture content 
chamber wall build-up 
residence time 


particle size and thus: 
product moisture content 
chamber wall build-up 


particle size (b) and thus: 
product moisture content, 
chamber wall build-up 
For unstable lattices 
particle size 
chamber wall build-up 
particle size (b) 


? This factor will only occur if a critical value of the variable is exceeded. 


5 Not for suspensions. 
(Nonhebel and Moss, 1971). 


The smallest pilot unit supplied by Bowen Engineering has a 
diameter of 30 in. and straight side of 29 in., employs parallel flow, 
up to 25 АСЕМ, 150-1000?F, particle sizes 30-40 um average, 
either pneumatic nozzle or spray wheel. The performance of this 
unit is given in Table 9.19. The magnitude of the “product number" 
is arrived at by pilot plant work and experience; it increases with 
increased difficulty of drying or thermal sensitivity or both. 
Aithough much useful information can be obtained on this small 
scale, Williams-Gardner (1971) states that data on at least a 7 ft dia 
dryer be obtained for final design of large capacity units. 


9.11. THEORY OF AIR-WATER INTERACTION IN PACKED 
TOWERS 


The key properties of mixtures of air and water vapor are described 
in Section 9.1. Here the interactions of air and water in packed 
towers under steady flow conditions will be analyzed. The primary 
objectives of such operations may be to humidify or dehumidify the 
air as needed for particular drying processes or other processes, or 
to cool process water used for heat transfer elsewhere in the plant. 
Humidification-dehumidification usually is accomplished in spray 
towers, whereas cooling towers almost invariably are filled with 
scme type of packing of open structure to improve contacting but 
with minimum pressure drop of air. 


Analysis of the interaction of air and water involves the making 
of material and enthalpy balances. These are made over a 
differential section of the tower shown on Figure 9.15(a) and are 
subsequently integrated to establish the size of equipment for a 
given performance. In terms of empirical heat, k,, and mass, К, 
transfer coefficients, these balances are 


Gdh = 1С, dT = LdT (9.21) 
=k,,(h, — h) dz (9.22) 
=k,(T — Т) dz. (9.23) 


In Eq. (9.21) the heat capacity of water has been taken as unity. 
The approximations that are involved in making an enthalpy 
difference a driving force are discussed for example by Foust et al. 
(1980). Rearrangement and integration leads to the results 








NTU = (9.24) 
L 
ъ ат 
- 9.25 
|, ED (9.25) 
G (* dh 
aan inh (9.26) 
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TABLE 9.19. Product Numbers and Performance of a 30 X 
29 in. Pilot Plant Spray Dryer 


(a) Product Numbers of Selected Materials 


1. COLOURS 
Reactive dyes 
Pigments 
Dispersed dyes 



















2. FOODSTUFFS 
Carbohydrates 
Milk 

Proteins 















3. PHARMACEUTICALS 
Blood insoluble/soluble 
Hydroxide gels 
Riboflavin 

Tannin 





4. RESINS 
Acrylics 

Formaldehyde resin 
Polystyrene 


5. CERAMICS 
Alumina 
Ceramic colours 





(Bowen Engineering Inc.). 


(b) Performance of the Pilot Unit as a Function of Product 
Number? 
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^Example: For a materia! with product number — 10 and air inlet 
temperature of 500°F, the evaporation rate is 53lb/hr, input Btu/Ib 
evaporated = 1930, and the air outlet temperature is 180°F. 

(Bowen Engineering). 


Both forms of the integral are employed in the literature to define 
the number of transfer units. The relation between them is 


к„216 = (L/G)(NTU). (9.27) 
The height of a transfer unit is 
HTU = Z/(NTU) = L/k,,, = (L/G)(G/k,,). (9.28) 


The quantity G/K,, sometimes is called the height of a transfer unit 
expressed in terms of enthalpy driving force, as in Figure 9.16, for 
example: 


с/к, = (GJLY(HTU). (9.29) 


Integration of Eq. (9.21) provides the enthalpy balance around 
one end of the tower, 

ЩТ — T) + G(h — hy). (9.30) 
Combining Eqs. (9.22) and (9.23) relates the saturation enthalpy 
and temperature, 

h, =h + (su E (T Т). (9.31) 
In Figure 9.15(c), Eq. (9.31) is represented by the line sloping 
upwards to the left. The few data that apparently exist suggest that 
the coefficient ratio is a comparatively large number. In the absence 
of information to the contrary, the ratio commonly is taken infinite, 
which leads to the conclusion that the liquid film resistance is 
negligible and that the interface is at the bulk temperature of the 
water. For а given value of T, therefore, the value of Л, in Eq. 
(9.25) is found from the equilibrium relation (й,, 7;) of water and 
the corresponding value of ^ from the balance Eq. (9.30). When the 
coefficient ratio is finite, a more involved approach is needed to find 
the integrand which will be described. 

The equilibrium relation between Т, and Л, is represented on 
the psychrometric charts Figures 9.1 and 9.2, but an analytical 
representation also is convenient. From Section 9.1, 


h, = 0.2AT, + (18/29)(0.45Т, + 1100)[р,/(1 — р,)], (9.32) 
where the vapor pressure is represented by 
р, = exp[11.9176 — 7173.9/ (T; + 389.5)]. (9.33) 


Over the limited ranges of temperature that normally prevail in 
cooling towers a quadratic fit to the data, 


h, =а+ЬТ + cT? 


may be adequate. Then an analytical integration becomes possible 
for the case of infinite k,„/ka. This is done by Foust et al. (1980) for 
example. 

The Cooling Tower Institute (1967) standardized their work in 
terms of a Chebyshev numerical integration of Eq. (9.25). In this 
method, integrands are evaluated at four temperatures in the 
interval, namely, 


T, + 0.1(T,~ Т), 
Т, + 0.4(Т,— Т), 


corresponding integrand /, 
corresponding integrand L, 





md (9.34) 
Т, —0.4(T; — T), corresponding integrand 1;, 
7,—0.1(75; — Tj), corresponding integrand 1,. 
Then the integral is 
5 dT 
ИР р = 0:250 – Т) t L5 I 4 L). (9.35) 
1 5 
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EXAMPLE 9.10 

Sizing a Spray Dryer on the Basis of Pilot Plant Data 
Feed to a spray dryer contains 20% solids and is to be dried to 5% 
moisture at the rate of 500 lb/hr of product. Pilot plant data show 
that a residence time of 6sec is needed with inlet air of 230°F, 
Н = 0.0081b/Ib, and exit at 100°F. Ambient air is at 70°F and is 
beated with steam. Enthalpy loss to the surroundings is 10% of the 
heat load on the steam heater. The vessel is to have a 60? cone. Air 
rate and vessel dimensions will be found. 

Enthalpy, humidity, and temperatures of the air are read off 
the psychrometric chart and recorded on the sketch. 


Dry 475 pph 
Water 1900 pph 





Dry 475 pph 
Water 23 pph 
Tota! 500 pph 





When km/kp—> œ, evaluation of the integrands is straightforward. 
When the coefficient ratio is finite and known, this procedure may 
be followed: 


1. For each of the four values of T, find k from Eq. (9.30). 
2. Eliminate A, between Eqs. (9.31) and (9.32) with the result 


h + (kmi Ka )(T — Т) 


= 0.247, + (18/29)(0.457; + 1100)[p,/(1—p,)]. (9.36) 


3. Substitution of Eq. (9.33) into (9.36) will result in an equation 
that has 7, as the only unknown. This is solved for with the 
Newton-Raphson method. 

4. Substitution of this value of Т, back into Eq. (9.31) will evaluate 
h,. 

5. The integrand 1l/(h,— й) now may be evaluated at each 
temperaturc and the integration performed with Eq. (9.35). 


Example 9.11 employs this method for finding the number of 
ransfer units as a function of liquid to gas ratio, both with finite and 
infinite values of &,,/k,. The computer programs for the solution of 
this example are short but highly desirable. Graphical methods have 
been widely used and are described for example by Foust et al. 
(1980). 


Enthalpy loss of air is 
0.1(69.8 — 28.0) = 4.2 Btu/Ib. 
Exit enthalpy of air is 


h = 69.8 — 4.2 = 65.6. 


At 100°F and this enthalpy, other properties are read off the 
psychrometric chart as 


Н = 0.0375 16 ЛЬ, 
V = 14.9 cuft/lb. 








Air rate is 
1900 — 25 
= 010375 — 0.008 ^ 63,559 Ib/hr 
63,559 (17.6 + 14.9 
— 3600 ( 5 ) 287 cfs. 


With a residence time of 6 sec, the dryer volume is 
У, = 287(6) = 1721.4 cuft. 


Make the straight side four times the diameter and the cone 
60°: 


0.866::D? 


1721.4 = AD(xD?/4) + 5 


= 3.368303, 
2р =8.0ft. 


TOWER HEIGHT 


The information that is ultimately needed about a cooling tower 
design is the height of packing for a prescribed performance. This 
equals the product of the number of transfer units by the height of 
each one, 

Z = (NTUXHTU). (9.37) 
Some HTU data for cooling tower packing have been published, for 
example, those summarized on Figure 9.16. Other data appear in 
the additional literature cited for this chapter. Several kinds of 
tower fill made of redwood slats arc illustrated in Figure 9.17. The 
numbers N of such decks corresponding to particular NTUs and 
(L/G)s are given by the equation 


(NTU) — 0.07(L/G)* 
a 


vel 





(9.38) 


Values of a and b are given for each type of fill with Figure 9.17. 
These data are stated to be for 120?F inlet water. Although the 
authors state that corrections should be estimated for other 
temperatures, they do not indicate how this is to be done. For 
example, with deck type C, NTU=2 апа L/G=1.2: N= 
(2 — 0.07)(1.2)959/0.092 = 23.4 decks, or a total of 31.2 ft since the 
deck spacing is 16 in. The data of Figure 9.16 are used in Example 
9.11. 
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Equilibrium 
h, =f (T) 


h, В 


Overall 
heat 

balance 
h=f(T) 


T. T, 
(b) 


Т, Т, 


+ g 


(с) 


Figure 9.15. Relations іп а packed continuous flow air-water contactor. (а) Sketch of the tower 
with differential zone over which the enthalpy and material balances are made. (b) Showing 
equilibrium and operating lines from which the integrand 1/(h, — h) can be found as a function 
of liquid temperature T. (c) Showing interfacial conditions as determined by the coefficient 
ratio К/К; when this value is large, interfacial and saturation temperatures are identical. 





Lichtenstein (27), ap = 2.7 ft! 


Kelly and Swenson (23). 
ap = 0.79 ft? 


(L/k ) (1/6) 


и O^ Simpson and Skerwood (53). 
ap — 92.9 ft! 


G/k 





0.1 I 10 
GIL 
Figure 9.16. Data of heights of transfer units of packings 
characterized by the specific surface а, (sqft/cuft). The ordinate is 
G/k,, = Z/ f dh/(h, — h), which is related to the form of NTU used 
in this chapter by 





dT 
НТО = Z/NTU = z/ | кегін L/k,, = (G/k,,)(L/G). 
The equation of the London line is equivalent to 


HTU = 5.51(L/Gy*9. 
(Sherwood et al., 1975). 


9.12. COOLING TOWERS 


Cooling of water in process plants is accomplished most eco- 
nomically on a large scale by contacting it with air in packed 
towers. For reasons of economy, the tower fill is of a highly open 
structure. Efficient ring and structured packings of the sort used for 
distillation and other mass transfer processes are too expensive and 
exert too high a power load on the fans. Standard cooling tower 
practice allows a maximum of 2 іп. of water pressure drop of the 
air. Water loadings range 500—2000 Ib/(hr)(sqft) ог 1-4 gpm/sqft. 
Gas loadings range 1300-1800 lb/(hr)(sqft) or between 300 and 
400 ft/min. The liquid to gas ratio L/G normally is in the range 
0.75-1.50 and the number of transfer units or the tower 
characteristic, HTU = &,,Z/L, vary from 0.5 to 2.50. 

The most common fill is of wooden slats of rectangular or 
triangular cross section arranged as in Figure 9.17. Corrugated 
sheets of asbestos-concrete have some application and also PVC 
construction unless the temperatures are above 160°Е. 

Fan power consumption is the major operating cost and can be 
counterbalanced in part by greater investment in natural draft 
construction. In the majority of process applications, fan-operated 
towers are preferred. Very large installations such as those in power 
plants employ chimney assisted natural draft installations. A limited 
use of atmospheric towers is made in areas where power costs are 
especially high. 

The main types of cooling towers are represented on Figure 
9.18. Their chief characteristics and some pros and cons will bc 
discussed in order. 


EXAMPLE 9.11 
Sizing of a Cooling Tower: Number of Transfer Units and 
Height of Packing 

Water is to be cooled from 110 to 75?F by contact with air that 


enters countercurrently at 90°F with a dewpoint of 60°F. The data of 
London et al. (1940) of Figure 9.16 for height of transfer unit are 
applicable. Calculations will be made for two values of the 
coefficient ratio &,,/k,, namely, 25 and » Btu/(°F) (Ib dry air), of 
Eq. (9.31). 'The effect of the ratio of liquid to gas rates, L/G, will 
be explored. 





T, = 90 Т, = 75 
Н = 0.011 
h «27 


The maximum allowable L/G corresponds to equilibrium 
between exit air and entering water at 110. The saturation enthalpy 
at 110°F is 92, so that Eq. (9.30) becomes 


L 92-27 
(5)... “00-752 1897. 


The several trials will be made at L/G — (0.6, 1.0, 1.4, 1.7). 

The applicable equations with numerical substitutions are listed 
here and incorporated in the computer program for solution of this 
problem [Eqs. (9.30)-(9.33)]: 


h=27+(L/G)(T – 75), 

A,=h+25(T — 75), 

A, — 0.247 + (18/29)(0.45T + 1100)P./(1— Р.), 
P, = exp[11.9176 — 7173.9/(T, + 389.5)]. 


When k,,,/k;, э 2, T, in Eq. (9.33) is replaced by Т. 

The four temperatures at which the integrands are evaluated 
for the Chebyshev integration are found with Ба. (9.34) and 
tabulated in the calculation summary following. 

Equations (9.30) and (9.31) are solved simultaneously for ^ and 
h, with the aid of the Newton-Raphson method as used in the 
computer program; the integrands are evaluated and the integration 
are completed with Eq. (9.35). 

The number of transfer units is sensitive to the value of L/G, 
but the effect of К/К is more modest, at least over the high range 
used; data for this ratio do not appear to be prominently recorded. 
Figure 9.16 shows a wide range of heights of transfer units for the 
different kinds of packings, here characterized by the surface а, 
(sqft/cuft) and substantial variation with L/G. The last line of the 
calculation summary shows variation of the tower height with L/G. 

Data of London et al. (1940) of Figure 9.16: 


(G/L)(HTU) = 5.51(G/ L9?! 
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or 
НТО = 5.51(L/G)9 9, 
Tower height: 
Z = (НТО)(МТО). 
For several values of L/G: 


LG 06 1 14 17 
HTU (ft) 4.08 5.51 6.72 7.54 


Evaluation of interfacial temp апа the NTU for L/G =1 with 
k,, 1k, = 25: 





т h TL 1/{h, — A) 
78.5 30.5 78.099 0.0864 
89 41 88.517 0.0709 
96 48 95.400 0.0575 

106.5 58.5 105.581 0.0385 
0.2533 


^. NTU = (110 — 75(0.2533)/4 = 2.217. 


For other values of L/G: 


1/(h, — h) 
T h L/G-06 1 14 17 


78.5 30.5 0.0751 0.0864 0.0943 0.1043 














89 41 0.0518 0.0709 0.1167 0.2200 
96 48 0.0398 0.0575 0.1089 0.3120 
106.5 58.5 0.0265 0.0385 0.0724 0.1987 

0.1933 0.2533 0.3923 0.8350 


NTU > 1.691 2.217 3.433 7.306 


With А, /k, — o: 














ТА, — h} 

Т h 1/6-06 1 1.4 1.7 
78.5 30.5 0.0725 0.0807 0.90 0.1006 
89 41 0.0444 0.0683 0.1107 0.2070 
96 48 0.0376 0.0549 0.1020 0.2854 

106.5 106.5 0.0248 0.0361 0.0663 0.1778 
0.1844 0.2400 0.3700 0.7708 


NTU > 1.613 2.100 3.238 6.745 
Z> 6.58 11.57 21.76 50.86 
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EXAMPLE 9.11—(continued) їй РЕТПЕН 
i18 К-.ӘайіЖжүіуіүг-тіз 258 END 
їй TzT^i.masBi-t _ - ; КЕРЕ 
13а [МЕР T 18 1 Examrle 9.11 with infinite 
148 IF ABStkKeTic=. явйй1 THEN 168 ,,  Eme4kh 
isa GOTO &mB гй Lel.4 
[ЕЙ DISP Т,Н,1ғеН-Н2> jm THPHUT Ti 
іта EH AD h 
lfa | ЕЕ FÜR T. Н 2d зета 
ise PSERPCLL S1f6-Pita sei Тазаз 
шу) zd = ITE "E à 1 = НЕ 
Рай M-1S8£P.22-01-F23 үй Нат 454714110804" 
218 Н-.24ЖТізе S54T1+110094M зя DISP 1“ ¢H-H2? 
228 HisHz-25€£T-Ti» эй GOTO за 
226 Ү-сНі-Н i =й 7 1й EMD 
a. Atmospheric towers are effective when prevailing wind velocities 
DECKS AaB DECKS сар are 5 miles/hr or more. For access to the wind they are narrow 
ауа " n but long, lengths of 2000 ft having been constructed. Water drift 
— Five > 3/8 «7/6 losses ac relatively large. The savings because of elimination of 
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Factors in Eq. 9.38 for the Number of Decks 


^ 


tall chimney or fan power is counterbalanced by increased size 
because of less efficient cross flow and variations in wind 
velocity. 

Chimney assisted natural draft towers also eliminate fans. Most 
of the structure is the chimney, the fill occupying only 10-12% 
of the tower height at the bottom. The temperature and 
humidity of the air increase as the air flows upward so that its 
buoyancy increases and results in rapid movement through the 
chimney. Smaller units are made as circular cylinders since these 
can be built rapidly. The hyperboloidal shape has greater 
strength for a given wall thickness. In towers as large as 
250 ft dia and 450ft high, wall thicknesses of 5-8 іп. of rein- 
forced concrete are adequate. The enlarged cross section at 
the top converts some kinetic energy into pressure energy which 
assists in dispelling the exit humid air into the atmosphere. 

Тһе ratio of base diameter to height is 0.75-0.85, the ratio 
of throat and base diameters is 0.55-0.65, and the ratio of 
vertical depth of air opening to base diameter is 0.1-0.12. Air 
velocity through the tower is 3-6 ft/sec, water flow rates range 
from 600 to 1800 Ib/(hr)(sqft). Two towers each 375 ft high are 
able to service a 500 MW power plant. Natural draft towers are 
uneconomical below heights of 70 ft. The upper limit is imposed 
principally by environmental visual considerations; towers 500 ft 
high are in existence. A cost comparison is made with item d. 
Hyperbolic fan assisted towers can have as much as three times 
the capacity of the same size natural draft towers. The fans 
provide greater control than the natural draft systems; for 
example, they may be turned on only at peak loads. Rules of 
thumb cited by Cheremisinoff and Cheremisinoff (1981) for 
relative sizing is that fan assisted hyperbolic towers may have 


Deck Type а b diameters 2/3 and heights 1/2 those of purcly natural draft designs. 
A 0.060 0.62 d. Countercurrent-induced draft construction is the most widely 
B 0.070 0.62 used type in process industries. Mechanical draft is capable of a 
С 0,982 960 greater degree of control than natural draft and such towers аге 
E 0.110 0. 46 able in some cases to cool the water within 2°Е of the wet bulb 
F 0.100 0.51 temperature of the air. The elevated fan location introduces 
G 0.104 0.57 some structural and noise problems. The flow of air is quite 
H 0.127 0.47 uniform across the cross section and its discharge is positive and 
| 0.135 0.57 at high velocity so that there is little backflow of humid air into 
J 0.103 0.54 the tower. À cost comparison (dated 1978) with hyperbolic 


towers is made by Singham (1983, Sec. 3.12.4.1). The case is for 
a water rate of 6.1 m?/sec, cooling range of 8.5°C, approach of 
10?C, and wet bulb of 17°С. The cost of the natural draft tower 


Figure 9.17. Kinds of fill made of redwood slats for cooling towers, 
and factors for determining the required number of decks with inlet 
water at 120°F (Cheremisinoff and Cheremisinoff, 1981). 
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Figure 9.18. Main types of cooling towers. (a) Atmospheric, dependent on wind velocity. (b) Hyperbolic stack natural draft. (c) Hyperbolic 
assisted with forced draft fans. (d) Counterflow-induced draft. (e) Crossflow-induced draft. (f) Forced draft. (g) Induced draft with surface 
precooler for very hot water; also called wet/dry tower. [(b)-(e) from Cheremisinoff and Cheremisinoff, 1981). 
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Figure 9.19. Typical cooling tower performance curves (Cheremisinoff and Cheremisinoff, 1981). 


TABLE 9.20. Selected Data Required with Bids of Cooling Towers 


A. Cooling Tower 


1. 
. Cell dimensions, ft, т, 

. Tower length, ft, in. 

. Tower width, ft, in. 

. Tower height, ft, in. 

. Casing, material and dimensions 

. Structure, material and dimensions 
. Fill decks, material and dimensions 
. Partitions and baffles, materials and 


OMAN Dahan 


Number of cells 


dimensions 


. Drift eliminators, material and 


dimensions 


. Fan stacks, material and dimensions 
. Fan deck, material and dimensions 

. Louvers, material and dimensions 

‚ Board feet of fill 

. Board feet total tower 

. Height of fan stacks, ft, in. 

. Post extension below curb, ft, in. 

. Total shípping weight, Ib 

. Total operating weight, Ib 


B. Fans 


ә ә 


Моәоочооьом- 


. Number of units 

. Type and manufacturer 

. Diameter, ft, in. 

. Number of blades per fan 
. Blade material 

. Hub material 


rpm 


. Tip speed, fpm 

. Mechanical efficiency, % 
. Static efficiency, 96 

. Weight, Ib 


C. Motors 


1. 
2. 


Number of units 
Size, HP 


омос рь о 


. Type and manufacturer 

. Full load speed, rpm 

. Frame size 

. Full load current, amps 

. Locked rotor current amps 
. Weight, Ib 


H. Distribution System 


FRONDS 


. Number and size of inlet flanges 


Height of water inlet above curb, ft, in. 
Header material 

Lateral material 

Nozzle, or downspout material 


J. Design Performance 


мм оо бою; 


. Pumping head from top of basin curb, ft 
. Spray loss, max % 

. Evaporation loss, max 96 

. Fill wetted surface, ft? 

. Total wetted surface, ft” 

. Effective splash surface, ft? 

. Effective cooling volume, ft? (from elimi- 


nators to water level) 


. Air volume per fan, cfm 

. Static pressure, inches of water 
10. 
11. 


Output horsepower/motor/(turbine) 
Tower loading, gpm/ft? 


K. Drawings and Performance Curves 


ольом- 


(Excerpted from Cheremisinoff and Cheremisinoff, 1981). 


. Tower outline elevation 

. Foundation outline 

. Fill rack details 

. Drift eliminator details 

. Tower sheeting arrangernent 

. A series of guaranteed performance curves within limits of CTI 


Test Procedure ATP-105, latest revision 


was 1.2М pounds and that of the mechanical draft was 0.75 М 
pounds, but the fan power was 775 kW. Тһе opinion was 
expressed that mechanical draft towers are more economical at 
water rates below 1.25 m?/sec (19,800 gpm). 
Crossflow induced draft offer less resistance to air flow and can 
operate at higher velocities, which means that less power and 
smaller cell sizes are needed than for counterflows. The shorter 
travel path of the air makes them less efficient thermally. The 
cross flow towers are made wider and less high, consequently 
with some saving in water pumping cost. 

f. Forced draft towers locate the fans near ground level which 
requires simpler support structures and possibly lower noise 
levels. A large space must be provided at the bottom as air inlet. 
Air distribution is poor because it must make a 90° turn. The 
humid air is discharged at low velocity from the top of the tower 
and tends to return to the tower, but at the same time the drift 
loss of water is less. The pressure drop is on the discharge side of 
the fan which is less power-demanding than that on the intake 
side of induced draft towers. 

g. Wet-dry towers employ heat transfer surface as well as direct 
contact between water and air. Air coolers by themselves are 
used widely for removal of sensible heat from cooling water on a 
comparatively small scale when cooling tower capacity is limited. 
Since dry towers cost about twice as much as wet ones, 
combinations of wet and dry sometimes are applied, particularly 
when the water temperatures are high, of the order of 160?F, so 
that evaporation losses are prohibitive and the plumes are 
environmentally undesirable. The warm water flows first through 
tubes across which air is passed and then enters a conventional 
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packed section where it is cooled further by direct contact with 
air. Separate dampers for air to the dry and wet sections can 
throw greater load on the wet section in summer months. 


WATER FACTORS 


Evaporation losses are about 1% of the circulation for every 10°Е of 
cooling range. Windage or drift losses аге 0.3-1.0% for natural 
draft towers and 0.1-0.3% for mechanical draft. Usually the salt 
content of the circulating water is limited to 3-7 times that of the 
makeup. Blowdown of 2.5-2% of the circulation accordingly is 
needed to maintain the limiting salt concentration. 


TESTING AND ACCEPTANCE 


At the time of completion of an installation, the water and air 
conditions and the loads may not be exactly the same as those of the 
design specification. Acceptance tests performed then must be 
analyzed to determine if the performance is equivalent to that under 
the design specifications. Such tests usually are performed in 
accordance with recommendations of the Cooling Tower Institute. 

The supplier generally provides a set of performance curves 
covering a modest range of variation from the design condition, of 
which Figure 9.19 is a sample. Some of the data commonly required 
with bids of cooling tower equipment are listed in Table 9.20, which 
is excerpted from a 10-page example of a cooling tower requisition 
by Cheremisinoff and Cheremisinoff (1981). 
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МІХІМС АМО АСІТАТІОМ 


gitation is a means whereby mixing of phases сап be 

accomplished and by which mass and heat transfer 

can be enhanced between phases or with external 

surfaces. In its most general sense, the process of 
mixing is concerned with all combinations of phases of which 
the most frequently occurring ones are 


. gases with gases. 

. gases into liquids: dispersion. 

. gases with granular solids: fluidization, pneumatic 
conveying, drying. 

. liquids into gases: spraying and atomization. 

. liquids with liquids: dissolution, emulsification, dispersion. 

. liquids with granular solids: suspension. 

. pastes with each other and with solids. 

. solids with solids: mixing of powders. 


o № ms 


e umma 


Interaction of gases, liquids, and solids also may take place, 
as in hydrogenation of liquids in the presence of a slurried 
solid catalyst where the gas must be dispersed as bubbles 
and the solid particles must be kept in suspension. 

Three of the processes involving liquids, numbers 2, 5, 


10.1. A BASIC STIRRED TANK DESIGN 


The dimensions of the liquid content of a vessel and the dimensions 
and arrangement of impellers, baffles and other internals are factors 
that influence the amount of energy required for achieving a needed 
amount of agitation or quality of mixing. The internal arrangements 
depend on the objectives of the operation: whether it is to maintain 
homogeneity of a reacting mixture or to keep a solid suspended or a 
gas dispersed or to enhance heat or mass transfer. А basic range of 
design factors, however, can be defined to cover the majority of 
cases, for example as in Figure 10.1. 


“НЕ VESSEL 


A dished bottom requires less power than a flat onc. When a single 
impeller is to be used, a liquid level equal to the diameter is 
optimum, with the impeller located at the center for an all-liquid 
system. Economic and manufacturing considerations, however, 
often dictate higher ratios of depth to diameter. 


BAFFLES 


Except at very high Reynolds numbers, baffles are needed to 
prevent vortexing and rotation of the liquid mass as a whole. А 
baffle width one-twelfth the tank diameter, w — D,/12; a length 
extending from one half the impeller diameter, d/2, from the 
tangent line at the bottom to the liquid level, but sometimes 
terminated just above the level of the сус of the uppermost 
impeller. When solids are present or when a heat transfer jacket is 
used, the baffles arc offset from the wall a distance equal to one- 
sixth the baffle width. Four radial baffles at equal spacing аге 
standard; six are only slightly more effective, and three appreciably 
less so. When the mixer shaft is located off center (one-fourth to 


and 6, employ the same kind of equipment; namely, tanks in 
which the liquid is circulated and subjected to a certain 
amount of shear. This kind of equipment has been studied 
most extensively. Although some unusual cases of liquid 
mixing may require pilot plant testing, general rules have been 
developed with which mixing equipment can be designed 
somewhat satisfactorily. This topic will be emphasized in this 
chapter. 

The other mixing operations of the list require individual 
kinds of equipment whose design in some cases is less 
quantified and is based largely on experience and pilot plant 
work. Typical equipment for such purposes will be illustrated 
later in this chapter. Phase mixing equipment which 
accomplishes primarily mass transfer between phases, such 
as distillation and extraction towers, also are covered 
elsewhere. Stirred reactors are discussed in Chapter 17. 

Circulation and shear of the liquid in a vessel can be 
accomplished with external pumps and appropriate location of 
suction and discharge nozzles, but a satisfactory combination 
of vertical and lateral flows is obtained more economically by 
internal impellers, baffles, and draft tubes. Some general 
statements about dimensions, proportions, and internals of a 
liquid mixing vessel can be made. 





one-half the tank radius), the resulting flow pattern has less swirl, 
and baffles may not be needed, particularly at low viscosities. 


DRAFT TUBES 


А draft tube is a cylindrical housing around and slightly larger in 
diameter than the impeller. Its height may be little more than the 
diameter of the impeller or it may extend the full depth of the 
liquid, depending on the flow pattern that is required. Usually draft 
tubes are used with axial impellers to direct suction and discharge 
streams. An impeller-draft tube system behaves as an axial flow 
pump of somewhat low efficiency. Its top to bottom circulation 
behavior is of particular value in deep tanks for suspension of solids 
and for dispersion of gases. About a dozen applications are 
illustrated by Sterbacek and Tausk (1965, pp. 283ff) and a chapter is 
devoted to their use by Oldshue (1983, 469ff). 


IMPELLER TYPES 


A basic classification is into those that circulate the liquid axially 
and those that achieve primarily radial circulation. Some of the 
many shapes that are being used will be described shortly. 


IMPELLER SIZE 


This depends on the kind of impeller and operating conditions 
described by the Reynolds, Froude, and Power numbers as well as 
individual characteristics whose effects have been correlated. For 
the popular turbine impeller, (һе ratio of diameters of impeller and 
vessel falls in the range, d/D, = 0.3-0.6, the lower values at high 
rpm, in gas dispersion, for example. 
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Baffle width, 
№ = 0,/12 
Offset =w/6 


Draft tube 





Figure 10.1. A basic stirred tank design, not to scale, showing a 
lower radial impeller and an upper axial impeller housed in a draft 
tube. Four equally spaced baffles are standard. H = height of liquid 
level, D,=tank diameter, d=impeller diameter. For radial 
impellers, 0.3 = d/D, = 0.6. 


IMPELLER SPEED 


With commercially available motors and speed reducers, standard 
speeds аге 37, 45, 56, 68, 84, 100, 125, 155, 190, and 320 грт. 
Power requirements usually are not great enough to justify the use 
of continously adjustable steam turbine drives. Two-speed drives 
may be required when starting torques are high, as with a settled 
slurry. 


IMPELLER LOCATION 


Expert opinions differ somewhat on this factor. As а first 
approximation, the impeller can be placed at 1/6 the liquid level off 
the bottom. In some cases there is provision for changing the 
position of the impeller on the shaft. For off-bottom suspension of 
solids, an impeller location of 1/3 the impeller diameter off the 
bottom may be satisfactory. Criteria developed by Dickey (1984) 
are based on the viscosity of the liquid and the ratio of the liquid 
depth to the tank diameter, А/Р,. Whether one or two impellers аге 
needed and their distances above the bottom of the tank are 
identified in this table: 


. Maximum Impeller Clearance 
Viscosity level Number of —————— —————— 
[cP (Pa sec)] h/D, Impellers Lower Upper 
«25,000 («:25) 1.4 1 h[3 -- 
<25,000 (<25) 2.1 2 0,13 (2/3)h 
>25,000 (>25) 0.8 1 hf3 — 
725,000 (>25) 1.6 2 D {3 (2/3)h 


Another rule is that a second impeller is needed when the liquid 
must travel more than 4 ft before deflection. 


Side entering propellors are placed 18-24 in. above а flat tank 
floor with the shaft horizontal and at a 10? horizontal angle with the 
centerline of the tank; such mixers are used only for viscosities 
below 500 cP or so. 

In dispersing gases, the gas should be fed directly below the 
impeller or at the periphery of the impeller. Such arrangements also 
are desirable for mixing liquids. 


10.2. KINDS OF IMPELLERS 


A rotating impeller in a fluid imparts flow and shear to it, tbe shear 
resulting from the flow of one portion of the fluid past another. 
Limiting cases of flow are in the axial or radial directions so that 
impellers are classified conveniently according to which of these 
flows is dominant. By reason of reflections from vessel surfaces and 
obstruction by baffles and other internals, however, flow patterns in 
most cases are mixed. When a close approach to axial flow is 
particularly desirable, as for suspension of the solids of a slurry, the 
impeller may be housed in a draft tube; and when radial flow is 
needed, a shrouded turbine consisting of a rotor and a stator may 
be employed. 

Because the performance of a particular shape of impeller 
usually cannot be predicted quantitatively, impeller design is largely 
an exercise of judgment so a considerable variety has been put forth 
by various manufacturers. A few common types are illustrated on 
Figure 10.2 and are described as follows: 


а. The three-bladed mixing propeller is modelled on the marine 
propeller but has a pitch selected for maximum turbulence. They 
are used at relatively high speeds (up to 1800rpm) with low 
viscosity fluids, up to about 4000 cP. Many versions are avail- 
able: with cutout or perforated blades for shredding and breaking 
up lumps, with sawtooth edges as on Figure 10.2(g) for cutting 
and tearing action, and with other than three blades. The 
stabilizing ring shown in the illustration sometimes is included to 
minimize shaft flutter and vibration particularly at low liquid 
levels. 

b. The turbine with flat vertical blades extending to the shaft is 
suited to the vast majority of mixing duties up to 100,000 cP or 
so at high pumping capacity. The simple geometry of this design 
and of the turbines of Figures 10.2(c) and (d) has inspired 
extensive testing so that prediction of their performance is on a 
more rational basis than that of any other kind of impeller. 

с. The horizontal plate to which the impeller blades of this turbine 
are attached has a stabilizing effect. Backward curved blades 
may be used for the same reason as for type e. 

4. Turbine with blades are inclined 45° (usually). Constructions 
with two to eight blades are used, six being most common, 
Combined axial and radial flow are achieved. Especially effective 
for heat exchange with vessel walls or internal coils. 

e. Curved blade turbines effectively disperse fibrous materials 
without fouling. The swept back blades have a lower starting 
torque than straight ones, which is important when starting up 
settled slurries. 

Г. Shrouded turbines consisting of a rotor and a stator ensure a 
high degree of radial flow and shearing action, and are well 
adapted to emulsification and dispersion. 

g. Flat plate impellers with sawtooth edges are suited to emul- 
sification and dispersion. Since the shearing action is localized, 
baffles are not required. Propellers and turbines also are sometimes 
provided with sawtooth edges to improve shear. 

h. Cage beaters impart a cutting and beating action. Usually they are 
mounted on the same shaft with a standard propeller. More violent 
action may be obtained with spined blades. 
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Figure 10.2. Representative kinds of impellers (descriptions in the text). 
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i. Anchor paddles fit the contour of the container, prevent sticking of 
pasty materials, and promote good heat transfer with the wall. 

ј. Gatepaddlesareusedin wide, shallow tanks and for materialsof high 
viscosity when low shear is adequate. Shaft speeds are low. Some 
designs include hinged scrapers to clean the sides and bottom of the 
tank. 

k. Hollow shaft and hollow impeller assemblies are operated at high tip 
speeds for recirculating gases. The gas enters the shaft above the 
liquid level and is expelled centrifugally at the impeller. Circulation 
rates are relatively low, but satisfactory for some hydrogenations for 
instance. 

I. This arrangement of a shrouded screw impeller and heat exchange 
coil for viscous liquids is perhaps representative of the many designs 
that serve special applications in chemical processing. 


10.3. CHARACTERIZATION OF MIXING OUALITY 


Agitation and mixing may be performed with several objectives: 


1. Blending of miscible liquids. 

2. Dispersion of immiscible liquids. 

3. Dispersion of gases in liquids. 

4. Suspension of solid particles in a slurry. 

5. Enhancement of heat exchange between the fluid and the 
boundary of a container. 

6. Enhancement of mass transfer between dispersed phases. 


When the ultimate objective of these operations is the carrying out 
of a chemical reaction, the achieved specific rate is a suitable 
measure of the quality of the mixing. Similarly the achieved heat 
transfer or mass transfer coefficients are measures of their 
respective operations. These aspects of the subject are covered in 
other appropriate sections of this book. Here other criteria will be 
considered. 

The uniformity of a multiphase mixture can be measured by 
sampling of several regions in the agitated mixture. The time to 
bring composition or some property within a specified range (say 
within 95 or 99% of uniformity) or spread in values—which is the 
blend time—may be taken as a measure of mixing performance. 
Various kinds of tracer techniques may be employed, for example: 


1. A dye is introduced and the time for attainment of uniform color 
is noted. 

2. A concentrated salt solution is added as tracer and the measured 

electrical conductivity tells when the composition is uniform. 

The color change of an indicator when neutralization is complete 

when injection of an acid or base tracer is employed. 

4. The residence time distribution is measured by monitoring the 
outlet concentration of an inert tracer that can be analyzed for 
accuracy. The shape of response curve is compared with that of a 
thoroughly (ideally) mixed tank. 


3 


The last of these methods has been applied particularly to 
chemical reaction vessels. It is covered in detail in Chapter 17. In 
most cases, however, the RTDs have not been correlated with 
impeller characteristics or other mixing parameters. Largely this 
also is true of most mixing investigations, but Figure 10.3 is an 
uncommon example of correlation of blend time in terms of 
Reynolds number for the popular pitched blade turbine impeller. 
As expected, the blend time levels off beyond a certain mixing 
intensity, in this case beyond Reynolds numbers of 30,000 or so. 
The acid-base indicator technique was used. Other details of the 
test work and the scatter of the data are not revealed in the 
published information. Another practical solution of the problem is 
typified by Table 10.1 which relates blend time to power input to 





Dimensionless blend time, tgN(D TP 3 


105 108 


Reynolds number, 02Мріц 


Figure 10.3. Dimensionless blend time as a function of Reynolds 
number for pitched turbine impellers with six blades whose 
W/D =1/5.66 [Dickey апа Fenic, Chem. Eng. 145, (5 Jan. 1976)]. 


vessels of different sizes and liquids of various viscosities. À review 
of the literature on blend times with turbine impellers has been 
made by Breunan and Lehrer [Trans. Inst. Chem. Eng. 54, 139—152 
(1975)], who also did some work in the range 10* < Ng, < 10° but 
did not achieve a particularly useable correlation. 

An impeller in a tank functions as a pump that delivers a 
certain volumetric rate at each rotational speed and corresponding 
power input. The power input is influenced also by the geometry of 
the equipment and the properties of the fluid. The flow pattern and 
the degree of turbulence are key aspects of the quality of mixing. 
Basic impeller actions are either axial or radial, but, as Figure 10.4 
shows, radial action results in some axial movement by reason of 
deflection from the vessel walls and baffles. Baffles contribute to 
turbulence by preventing swirl of the contents as a whole and 
elimination of vortexes; offset location of the impeller has similar 
effects but on a reduced scale. 

Power input and other factors are interrelated in terms of 
certain dimensionless groups. The most pertinent ones are, in 
common units: 


Ng, = 10.75Nd?S/u, Reynolds number, (10.1) 
Мь= 1.523(10'3)Р/ №3425, Power number, (10.2) 
Мо-1.037(10590/Ма?, Flow number, (10.3) 

tN, Dimensionless blend time, (10.4) 


TABLE 10.1. Blending Data for Four-Bladed 45° Turbines? 
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а Motor horsepowers for various batch volumes, viscosities т cP, 
blend times in minutes. 

* Denotes single four-bladed, 45° axial-flow impeller (unshaded 
selections). 

t Denotes portable geardrive mixer with single 1.5-pitch propeller 
("shaded" selections). 

(Oldshue, 1983, p. 91). 
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Figure 10.4. Agitator flow patterns. (a) Axial or radial impellers without baffles produce vortexes. (b) Offcenter location reduces the vortex. 


(c) Axial impeller with baffles. (d) Radial impeller with baffles. 


Ng, = 7.454104) Ма, Froude number, (10.5) 
d= impeller diameter (in.), 
D = vessel diameter (in.), 


N = rpm of impeller shaft, 

P = horsepower input, 

Q = volumetric pumping rate (cuft/sec), 
S = specific gravity, 

t, = blend time (min), 

и = viscosity (cP). 


The Froude number is pertinent when gravitational effects are 
significant, as in vortex formation; in baffled tanks its influence is 
hardly detectable. The power, flow, and blend time numbers change 
with Reynolds numbers in the low range, but tend to level off above 
Nre = 10,000 or so at values characteristic of the kind of impeller. 
Sometimes impellers are characterized by their limiting N,, as ап 
М, = 1.37 of a turbine, for instance. The dependencies on Reynolds 
number are shown on Figures 10.5 and 10.6 for power, in Figure 
10.3 for flow and in Figure 10.7 for blend time. 

Rough rules for mixing quality can be based on correlations of 
power input and pumping rate when the agitation system is 
otherwise properly designed with a suitable impeller (predominantly 
either axial or radial depending on the process) in a correct 
location, with appropriate baffling and the correct shape of vessel. 
The power input per unit volume or the superficial linear velocity 
can be used as measures of mixing intensity. For continuous flow 
reactors, for instance, a rulc of thumb is that the contents of the 
vessel should be turned over in 5-10% of the residence time. 
Specifications of superficial linear velocities for different kinds of 
operations are stated later in this chapter. For baffled turbine 
agitation of reactors, power inputs and impeller tip speeds such as 
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Figure 10.5. Power number, N, = Pg./N^D?p, against Reynolds 
number, Nge = ND?p/p, for several kinds of impellers: (a) helical 
shape (Oldshue, 1983); (b) anchor shape (Oldshue, 1983); (c) 
several shapes: (1) propeller, pitch equalling diameter, without 
baffles; (2) propeller, s=d, four baffles; (3) propeller, s = 2d, 
without batfles; (4) propeller, s=2d, four baffles; (5) turbine 
impeller, six straight blades, without baffles; (6) turbine impeller, 
six blades, four baffles; (7) turbine impeller, six curved blades, four 
baffles; (8) arrowhead turbine, four baffles; (9) turbine impeller, 
inclined curved blades, four baffles; (10) two-blade paddle, four 
baffies; (11) turbine impeller, six blades, four baffles; (12) turbine 
impeller with stator ring; (13) paddle without bafiles (data of Miller 
and Mann); (14) paddle without baffles (data of White and 
Summerford). АП Ба ев are of width 0.1D [after Rushton, Costich, 
and Everett, Chem. Eng. Prog. 46(9), 467 (1950)]. 
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Figure 10.5—(continued) (b) 


the following may serve as rough guides: 


Operation HP / 1000 gal Тір Speed (ft/sec) 
Blending 0.2-0.5 
Homogeneous reaction 0.5-1.5 7.5-10 
Reaction with heat transfer 1.5-5.0 10-15 
Liquid-liquid mixtures 5 15-20 
Liquid-gas mixtures 5-10 15-20 
Slurries 10 


The low figure shown for blending is for operations such as 





















DISK & VERTICAL DISK 5 VERTICAL CURVED PITCHED 
BLADE BLADE BLADE BLADE BLADE BLADE 
әке» | 
100 ET] 
[T] 
ux м/0 41/5 w/D*1/8 эго, м8 w/D «1/8 м/о: 1/8 | 
È io Ht m 
ғ : 
И 
2° 5 





05 1—5 
1 10 10 


НЕЕ HEE—ERHH 











Power number 























01 ; 
7 10 10 10? 10* 105 105 


(c) 


incorporation of TEL into gasoline where several hours may be 
allowed for the operation. 

Example 10.1 deals with the design and performance of an 
agitation system to which the power input is specified. Some degree 
of consistency is found between the several rules that have been 
cited. 


10.4. POWER CONSUMPTION AND PUMPING RATE 


These basic characteristics of agitation systems are of paramount 
importance and have been investigated extensively. The literature is 








































Figure 10.6. Power number against Reynolds number of some turbine impellers [Bates, Fondy, and Corpstein, Ind. Eng. Chem. Process. 


Des. Dev. 2(4) 311 (1963)]. 
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Figure 10.7. Flow number as a function of impeller Reynolds 
number for a pitched blade turbine with М, = 1.37. D/T is the ratio 
of impeller and tank diameters. [Dickey, 1984, 12, 7; Chem. Епр., 
102-110 (26 Apr. 19767), 


reviewed, for example, by Oldshue (1983, pp. 155-191), Uhl and 
Gray (1966, Vol. 1), and Nagata (1975). Among the effects studied 
are those of type and dimensions and locations of impellers, 
numbers and sizes of baffles, and dimensions of the vessel. A few of 
the data are summarized on Figures 10.5-10.7. Often it is 
convenient to characterize impeller performance by single numbers; 
suitabie ones are the limiting values of the power and flow numbers 
at high Reynolds numbers, above 10,000—30,000 or so, for example: 
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Type No. baffles N, № 
Propeller 0 0.3 
РгореНег 3-8 0.33—0.37 0.40-0.55 
Turbine, vertical blade 0 0.93-1.08 0.33-0.34 
Turbine, vertical blade 4 3-5 0.70-0.85 
Pitched turbine, 45° 0 0.7 0.3 
Pitched turbine, 45% 4 1.30-1.40 0.60-0.87 
Апсһог 0 0.28 


A correlation of pumping rate of pitched turbines is shown as 
Figure 10.7. 

Power input per unit volume as a measure of mixing intensity 
or quality was cited in Section 10.3 and in Chapter 17. From the 
correlations cited in this section, it is clear that power input and 
Reynolds number together determine also the pumping rate of a 
given design of impeller. This fact has been made the basis of a 
method of agitator system design by the staff of Chemineer. The 
superficial linear velocity—the volumetric pumping rate per unit 
cross section of the tank—is adopted as a measure of quality of 
mixing. Table 10.2 relates the velocity to performance of three main 
categories of mixing: mixing of liquids, suspension of solids in 
slurries, and dispersion of gases. A specification of a superficial 
velocity will enable selection of appropriate impeller size, rotation 
speed, and power input with the aid of charts such as Figures 10.6 
and 10.7. Examples 10.1 and 10.2 are along these lines. 

The combination of HP and rpm that corresponds to a 
particular superficial velocity depends on the size of the tank, the 
size of the impeller, and certain characteristics of the system. Tables 
10.3, 10.4, and 10.5 are abbreviated combinations of horsepower 
and rpm that are suitable at particular pumping rates for the three 
main categories of mixing. More complete data may be found in the 
literature cited with the tables. 


1. For mixing of liquids, data are shown for a viscocity of 5000 cP, 
but data also have been developed for 25,000 cP, which allow for 





EXAMPLE 10.1 

Impeller Size and Speed at a Specified Power Input 
For a vessel containing 5000 gal of liquid with specific gravity — 0.9 
and viscosity of 100 cP, find size and speed of a pitched turbine 
impeller to deliver 2 HP/1000 gal. Check also the superficial linear 
velocity and the blend time. 

The dimensions of the liquid content are 9.5ft high by 
9.5 ft dia. Take 


d 2 0.4D = 0.4(9.5)(12) = 45.6 in., 
P=2V = 2(5) = 10HP, 


say 46 т., impeller, 














210.755Ма4% _ 10.75(0.9)(46)?N _ 
№, = Т 1000 = 20.47М, 
_ 1.523(103)Р _ 1523(10'3)(10) 821,600 
PO NDS 7 0.9(46)7М3 NS C 


Solve for N by trial with the aid of curve 6 of Figure 10.6. 


Trial N М. N, (Eq. (2) 


o 
56 1146 31.3 85.8 
84 1720 3 85.8 


Take М = 84 rpm. 
According to Figure 10.7 at d/D — 0.4, 


No = 0.61, 
О = NoNd? = 0.61(84/60)(46/12 = 48.1 cfs, 
и, = 48.1/[(/4)(9.5)7] = 0.68 fps. 


This value corresponds to moderate to high mixing intensity 
according to Table 10.2. 


From Figure 10.3, at Nre = 1720, blend time is given by 


t N(d| DP? = 17.0 
Or 


17 


lp = 840.43 7 = 1.67 min. 


According to Table 10.1, 
which agrees qualitatively. 


the blend time is less than 6 min, 





294 MIXING AND AGITATION 


TABLE 10.2. Agitation Results Corresponding to Specific Superficial Velocities 


ft/sec Description 


Liquid Systems 


0.1-0.2 low degree of agitation; a velocity of 0.2 ft/sec will 
a. blend miscible liquids to uniformity when specific 
gravity differences are less than 0.1 
b. blend miscible liquids to uniformity if the ratio of 
viscosities is less than 100 
c. establish liquid movement throughout the vessel 
d. produce a flat but moving surface 
characteristic of most agitation used in chemical 
processing; a velocity of 0.6 ft/sec will 
е. blend miscible liquids to uniformity if the specific 
gravity differences are less than 0.6 
f. blend miscible liquids to uniformity if the ratio of 
viscosities is less than 10,000 
9. suspend trace solids (less than 2%) with settling 
rates of 2-4 ft/min 
h. produce surface rippling at low viscosities 
high degree of agitation; a velocity of 1.0 ft/sec will 
i. blend miscible liquids to uniformity if the specific 
gravity differences are less than 1.0 
j. blend miscible liquids to uniformity if the ratio of 
viscosities is less than 100,000 
k. suspend trace solids (less than 2%) with settling 
rates of 4—6 ft/min 
І. produce surging surface at low viscosities 


0.3-0.6 


0.7-1.0 


Solids Suspension 


0.1-0.2 . minimal solids suspension; a velocity of 0.1 ft/sec will 
a. produce motion of all solids with the design settling 
velocity 
b. move fillets of solids on the tank bottom and 
suspend them intermittently 

characteristic of most applications of solids suspension 


and dissolution; a velocity of 0.3 ft/sec will 


0.3—0.5 


ft/sec Description 
c. suspend all solids with the design settling velocity 
completely off the bottom of the vessel 
d. provide slurry uniformity to at least one-third of the 
liquid level 
e. be suitable for slurry drawoff at low exit nozzle 
locations 
when uniform solids distribution must be approached; a 
velocity of 0.6 ft/sec will 
f. provide uniform distribution to within 95% of liquid 
level 
g. be suitable for slurry drawoff up to 8096 of liquid 
level 
when the maximum feasible uniformity is needed. A 
velocity of 0.9 ft/sec will 
h. provide slurry uniformity to 9896 of the liquid level 
i. be suitable for slurry drawoff by means of overflow 


0.6-0.8 


0.9-1.0 


Gas Dispersion 


0.1-0.2 used when degree of dispersion is not critical to the 
process; a velocity of 0.2 ft/sec will 
a. provide nonflooded impeller conditions for coarse 
dispersion 
b. be typical of situations that are not mass transfer 
limited 
used where moderate degree of dispersion is needed; a 
velocity of 0.5 ft/sec will 
c. drive fine bubbles completely to the wall of the 
vessel 
d. provide recirculation of dispersed bubbles back into 
the impeller 
used where rapid mass transfer is needed; a velocity of 
1.0 ft/sec will 
e. maximize interfacial area and recirculation of 
dispersed bubbles through the impeller 


0.3-0.5 


0.6-1.0 


[Chemineer, Co. Staff, Chem. Eng., 102-110 (26 April 1976); 144-150 (24 Мау 1976); 141-148 (19 July 1976)]. 





EXAMPLE 10.2 

Effects of the Ratios of Impeller and Tank Diameters 
Power and rpm requirements will be investigated and compared 
with the data of Table 10.3. The superficial velocity is 0.6 ft/sec, 
У = 5000 gals, Sp Gr — 1.0. Viscosities of 100 cP and 5000 cP will be 
considered. 

With A/D —1, D =h =9.47 ft, 


pumping rate О = 0.6(7:/4)(9.47)" = 42.23 cfs, 


Мо = 1.037(10) О /Nd? = 4.3793/ Nd? (1) 
Nge = 10.7Nd?S/u —0.00214Nd?, и = 5000, (2) 
P-—N,N?455/1.523(107?), (3) 


N, from Figure 10.6. 
For several choices of d/D, solve Eqs. 
simultaneously with Figure 10.7. With и = 5000 cP; 


(1) and (2) 


Na №. № 
ајр а N [Е9.(0] ТЕ. (2)] (Fig. 10.7) М, Р(НР) 
0.25 284 300 0.637 518 0.64 14 45.9 
0.33 375 145 0.573 436 0.57 1.45 21.5 
0.50 568 52 0.460 359 0.45 1.5 8.2 


With и = 100 cP, turbulence is fully developed. 


№ 
ара м м Мы (Fig. 107) N, P 


р 
0.25 28.4 228 0.839 18,990 0.84 1.3 18.7 
0.33 37.5 112 0.742 16,850 0.74 1.3 8.9 
0.50 568 40 0.597 13,800 0.60 1.3 3.2 


Table 10.3 gives these combinations of HP/rpm as suitable: 25/125, 
20/100, 10/56, 7.5/37. The combination 10/56 checks roughly the 
last entry at 5000cP. Table 10.3 also has data for viscosities of 
25,000 cP, thus allowing for interpolation and possibly extra- 
polation. 
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TABLE 10.3. Mixing of Liquids; Power and Impeller Speed (hp/rpm) for 
Two Viscosities, as a Function of the Liquid Superficial 
Velocity; Pitched Blade Turbine Impeller 





Volume (gal) 
5000 cP 25,000 cP 
ft/sec 1000 2000 5000 1000 2000 5000 
0.1 2/280 2/190 2/100 2/125 2/84 7.5/125 
1/190 1/100 1.5/84 1.5/56 5/100 
5/84 
3/56 
0.2 2/190 2/125 5/125 3/84 5/125 10/84 
1/100 2/84 3/84 2/84 3/84 7.5/68 
1.5/84 3/68 1.5/56 3/68 5/45 
2/45 2/45 3/37 
0.3 2/125 3/84 7.5/125 5/125 15/155 20/100 
1.5/84 1.5/56 5/100 5/84 7.5/68 15/68 
5/84 3/68 5/45 10/45 
3/56 2/45 3/37 7.5/37 
0.4 2/84 5/125 10/84 7.5/84 10/84 30/100 
1.5/56 3/68 7.5/68 5/56 7.5/45 25/84 
3/56 5/45 20/68 
2/45 3/37 10/37 
0.5 5/125 7.5/125 15/100 15/155 25/125 75/190 
3/84 5/84 10/68 10/100 20/100 60/155 
7.5/45 10/84 15/84 40/100 
7.5/68 10/56 15/45 
0.6 5/100 15/155 25/125 20/155 25/100 40/84 
3/68 10/100 20/100 15/125 15/68 30/68 
3/56 7.5/84 10/56 15/56 25/56 
2/45 3/37 7.5/37 10/45 20/37 
0.7 7.5/125 10/84 15/68 25/155 40/155 75/125 
5/84 7.5/68 15/56 15/84 30/100 50/84 
5/45 10/45 25/84 30/45 
10/37 20/68 
0.8 10/125 10/68 30/100 30/155 50/155 75/100 
7.5/100 7.5/56 25/84 25/125 40/125 60/84 
20/68 20/100 50/68 
15/45 40/56 
0.9 15/155 15/84 60/155 40/155 75/190 75/84 
10/100 10/56 40/100 30/125 60/155 60/68 
7.5/84 7.5/45 25/100 40/100 50/56 
30/68 
1.0 10/84 30/155 50/100 40/125 60/125 125/125 
7.5/68 25/125 40/84 30/100 50/100 100/100 
20/100 30/68 50/84 75/68 
15/68 25/56 40/84 60/56 


ІНіске, Morton, апа Fenic, Chem. Eng., 102-110 (26 April 1976]]. 


interpolation and possibly extrapolation. The impeller is a 
pitched-blade turbine. 

2. For suspension of solids, the tables pertain to particles with 
settling velocities of lOft/min, but data are available for 
25 ft/min. The impeller is a pitched-blade turbine. 

3. For gas dispersion the performance depends on the gas ratc. 
Data are shown for a superficial inlet gas rate of 0.07 ft/sec, but 
data are available up to 0.2 ft/sec. Four baffles are specified and 
the impeller is a vertical blade turbine. 


Example 10.2 compares data of Table 10.4 with calculations 
based on Figures 10.6 and 10.7 for all-liquid mixing. Power and rpm 
requirements at a given superficial liquid velocity are seen to be 
very sensitive to impeller diameter. When alternate combinations of 
HP/rpm are shown in the table for a particular performance, the 
design of the agitator shaft may be a discriminant between them. 
The shaft must allow for the torque and bending moment caused by 
the hydraulic forces acting on the impeller and shaft. Also, the 


impeller and shaft must not rotate near their resonant frequency. 
Such mechanical details are analyzed by Ramsey and Zoller (Chem. 
Eng., 101-108 (30 Aug. 1976)]. 


10.5. SUSPENSION OF SOLIDS 


Besides the dimensions of the vessel, the impeller, and baffles, 
certain physical data are needed for complete description of a slurry 
mixing problem, primarily: 


1. Specific gravities of the solid and liquid. 
2. Solids content of the slurry (wt 96). 
3. Settling velocity of the particles (ft/min). 


The last of these may be obtained from correlations when the 
mesh size or particle size distribution is known, or preferably 
experimentally. Taking into account these factors in their effect on 
suspension quality is at present a highly empirical process. Tables 
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TABLE 10.4. Suspension of Solids; Power and Impeller Speed (hp/rpm) 
for Two Settling Velocities, as a Function of the Superficial 
Velocity of the Liquid; Pitched Blade Turbine Impeller 


Volume (gal) 








10 ft/ min 
ft/sec 1000 2000 5000 
0.1 1/190 2/190 5/125 
1/100 3/84 
3/68 
2/45 
0.2 1/100 2/125 7.5/125 
1.5/84 5/100 
5/84 
3/56 
0.3 2/190 2/84 3/37 
1.5/56 
0.4 2/155 5/155 7.5/84 
1.5/100 5/56 
0.5 1.5/84 3/84 15/155 
2/125 10/100 
7.5/68 
5/45 
0.6 2/100 5/125 10/84 
1.5/68 3/68 
3/56 
2/45 
0.7 2/84 7.5/155 15/84 
1.5/56 7.5/125 10/56 
5/84 7.5/45 
7.5/37 
0.8 3/84 7.5/84 25/125 
5/56 20/100 
15/68 
10/45 
0.9 7.5/155 15/155 40/155 
5/125 10/100 30/100 
5/100 7.5/68 25/84 
3/68 20/68 
1.0 7.5/125 20/100 50/100 
5/84 15/84 40/84 
10/84 30/68 
25/56 





25 ft/min 
1000 2000 5000 
2/190 2/125 5/125 
1/190 2/84 3/84 
1/100 1.5/84 3/68 
1.5/56 2/45 
2/125 3/84 15/155 
10/100 
7.5/68 
5/45 
1.5/84 5/125 10/84 
3/68 
2/45 
2/84 7.5/155 7.5/45 
1.5/56 5/100 
3/56 
2/68 7.5125 15/84 
2/56 5/84 10/56 
7.5/37 
3/84 5/56 25/125 
20/100 
15/68 
10/45 
7.5/155 15/155 30/100 
5/125 10/100 25/84 
5/100 7.5/84 20/68 
3/68 7.5/68 15/56 
7.5/125 10/84 60/155 
5/84 40/100 
30/68 
25/56 
10/125 15/84 75/190 
7.5/100 60/125 
50/100 
40/84 
15/155 30/155 75/125 
10/100 25/125 75/100 
20/100 60/84 
50/84 


[Gates, Morton, апа Fondy, Chem. Eng., 144-150 (24 May 19764. 


10.2-10.5 are one such process; the one developed by Oldshue 
(1983) will be examined shortly. 

Suspension of solids is maintained by upward movement of the 
liquid. In principle, use of a draft tube and an axial flow impeller 
will accomplish this flow pattern most readily. It turns out, 
however, that such arrangements are suitable only for low solids 
contents and moderate power levels. In order to be effective, the 
cross section of the draft tube must be appreciably smaller than that 
of the vessel, so that the solids concentration in the draft tube may 
become impractically high. The usually practical arrangement for 
solids suspension employs a pitched blade turbine which gives both 
axial and radial flow. 

For a given tank size, the ultimate design objective is the 
relation between power input and impeller size at a specified 
uniformity. The factors governing such information are the slurry 
volume, the slurry level, and the required uniformity. Tbe method 
of Oldshue has corrections for these factors, as А, Б, and Б. 
When multiplied together, they make up the factor F, which is the 
ordinate of Figure 10.8(d) and which determines what combinations 


of horsepower and ratio of impeller and vessel diameters will do the 
required task. Example 10.3 employs this method, and makes a 
comparison with the Chemineer method of Tables 10.2 and 10.3. 


10.6. GAS DISPERSION 


Gases are dispersed in liquids usually to facilitate mass transfer 
between the phases or mass transfer to bc followed by chemical 
reaction. In some situations gases are dispersed adequately with 
spargers or porous distributors, but the main concern here is with 
the more intense effects achievable with impeller driven agitators. 


SPARGERS 


Mixing of liquids and suspension of solids may be accomplished by 
bubbling with an inert gas introduced uniformly at the bottom of 
the tank. For mild agitation a superficial gas velocity of 1 ft/min is 
used, and for severe, one of about 4 ft/min. 


TABLE 10.5. Dispersion of Gases; Power and Impeller Speed 
(hr/rpm) for Two Gas Inlet Superficial Velocities, 
as a Function of the Liquid Superficial Velocity; 
Vertical Blade Turbine impeller 








Volume (gal) 
0.07 ft/sec 0.20 ft/sec 
ft/sec 1500 3000 5000 1500 3000 5000 
9.1 2/56 5/84  7.5/68 3/56 7.5/68 10/45 
15/155 10/100 
0.2 2/45 7.5/125 10/84 3/45 15/155 15/68 
7.5/45 20/100 
5/100 10/84 25/125 
9.3 3/84 7.5/68 10/45 7.5/45 
3/68 5/45 10/55 
3/56 7.5/84 
5/56 
9.4 5/125 10/84 15/68 5/84 10/45 30/155 
5/84 10/100 20/100  7.5/155 10/56 20/68 
5/100 10/45 15/84 5/56 15/45 
5/45 10/566 20/68 15/56 
0.5 7.5/125 15/155 25/125  7.5/125 15/68 25/84 
7.5/155 15/68 25/84 7.5/68 15/84 25/100 
7.5/68 15/84 25/100 7.5/84 15/45 25/56 
7.5/84 15/45 25/56 15/56 
0.6 10/84 20/100 30/155 10/84 20/100 30/100 
10/100 20/68 30/100 10/100 20/68 30/125 
20/45 30/125 30/68 
30/68 30/45 
0.7 10/56 25/125 40/155 10/56 25/125 40/155 
25/84 40/84 25/84 40/84 
25/100 40/100 25/100 40/100 
25/55 40/56 25/56 40/56 
0.8 15/155 30/155 50/100 15/155 30/155 50/100 
15/84 30/100 50/68 15/84 30/100 50/68 
30/125 50/84 30/125 50/84 
50/45 50/56 
0.9 15/68 30/68 60/125 15/68 30/68 60/125 
60/155 60/155 
60/84 60/84 
60/56 60/56 
1.0 20/100 40/155 75/190 25/125 40/155 75/190 
20/68 40/84 75/100 25/84 40/84 75/100 
75/125 75/125 


[Hicks and Gates, Chem. Eng., 141-148 (19 July 1976)]. 


MASS TRANSFER 


The starting point of agitator design is properly a mass transfer 
coefficient known empirically or from some correlation in terms of 
parameters such as impeller size and rotation, power input, and gas 
flow rate. Few such correlations are in the open literature, but 
some have come from two of the industries that employ aerated 
stirred. tanks on a large scale, namely liquid waste treating 
and fermentation processes. А favored method of studying the 
absorption of oxygen is to measure the rate of oxidation of aqueous 
sodium sulfite solutions. Figure 10.9 summarizes one such 
investigation of the effects of power input and gas rate on the mass 
transfer coefficients. A correlation for fermentation air is given by 
Dickey (1984, 12-17): 


k,a — rate/(concentration driving force) 
—0.064(P,/V)7u27, 1/ѕес, 


8? 


(10.6) 


with P,/V in HP/1000 gal and superficial gas velocity u, in ft/sec. А 
gencral correlation of mass transfer coefficient that does not have 
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power input as a factor is given by Treybal (Mass Transfer 
Operations, McGraw-Hill, New York, 1980, 156); presumably this 
is applicable only below the minimum power input here represented 
by Figure 10.11. 

When mass transfer coefficients are not determinable, agitator 
design may be based on superficial liquid velocities with the criteria 
of Table 10.2. 


SYSTEM DESIGN 


The impeller commonly used for gas dispersion is a radial turbine 
with six vertical blades. For a liquid height to diameter ratio 
h[D «1, a single impeller is adequate; in the range 1: A/D < 1.8 
two are needed, and more than two are rarely used. The lower and 
upper impellers are located at distances of 1/6 and 2/3 of the liquid 
level above the bottom. Baffling is essential, commonly with four 
baffles of width 1/12 that of the tank diameter, offset from the wall 
at 1/6 the width of the baffle and extending from the tangent line of 
the wall to the liquid level. The best position for inlet of the gas is 
below and at the center of the lower impeller; an open pipe is 
commonly used, but a sparger often helps. Since ungassed power is 
significantly larger than gassed, a two-speed motor is desirable to 
prevent overloading, the lower speed to cut in automatically when 
the gas supply is interrupted and rotation still is needed. 


MINIMUM POWER 


Below a critical power input the gas bubbles are not affected 
laterally but move upward with their natural buoyancy. This 
condition is called gas flooding of the impeller. At higher power 
inputs the gas is dispersed radially, bubbles impinge on the walls 
and are broken up, consequently with improvement of mass 
transfer. A correlation of the critical power input is shown as Figure 
10.10. 


POWER CONSUMPTION OF GASSED LIQUIDS 


At least partly because of its lower density and viscosity, the power 
to drive a mixture of gas and liquid is less than that to drive a liquid. 
Figure 10.11(a) is a correlation of this effect, and other data at low 
values of the flow number О/Ма? are on Figure 10.11(b). The latter 
data for Newtonian fluids are correlated by the equation 


Р.Р =0.497(Q/Nd*) 9 2р,/ө) 95, (10.7) 
where the last group of terms is the Weber number, р, is the 
density of the liquid, and o is its surface tension. 


SUPERFICIAL LIQUID VELOCITY 


When mass transfer data are not known or are not strictly pertinent, 
a quality of mixing may be selected by an exercise of judgment in 
terms of the superficial liquid velocity on the basis of the rules of 
Table 10.2. For gas dispersion, this quantity is related to the power 
input, HP/1000 gal, the superficial gas velocity and the ratio d/D in 
Figure 10.12. 


DESIGN PROCEDURES 


On the basis of the information gathered here, three methods are 
possible for the design of agitated gas dispersion. In all cases the 
size of the tank, the ratio of impeller and tank diameters and the 
gas fecd rate are specified. The data are for radial iurbine impellers 
with six vertical blades. 
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Figure 10.8. Suspension of solids. Power and ratio of diameters of impeller and tank, with four-bladed 45? impeller, 
width/diameter = 0.2. [method of Oldshue (1983)]. (а) The factor on power consumption for slurry volume, F,. (b) The 
factor on power requirement for single and dual impellers at various h/D ratios, №. (c) The effect of settling velocity 
on power consumption, В. (d) Suspension factor for various horsepowers: F, = ABB. 
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EXAMPLE 10.3 
Design of the Agitation System for Maintenance of a Slurry 
These conditions are taken: 


У = 5000 gal, 
#/В=1, 
settling velocity = 10 ft/min, 
solids content — 10 wt 96 


Reading from Figure 10.8, 


Б = 4, 

ЕБ = 1.1, 

Е ={ 3.0, off bottom, 

37 |10.0, uniform, 
13.2, off bottom 

EIREÉR- , n у 

з= АББ P uniform. 


The relation between the ratio of impeller and vessel diameters, 


1. Start with a known required mass transfer coefficient. From a 
correlation such as Figure 10.9 or Eq. (10.6) the gassed power 
per unit volume will become known, and the total gassed power 
to the tank will be P,. The ratio of gassed power to ungassed 
power is represented by Figure 10.11(а) and the equations given 
there; at this stage the rotation speed N is not yet known. This 
value is found by trial by simultaneous solution with Figure 10.6 
which relates the Reynolds and power numbers; the power here 
is the ungassed power. The value of N that results in the 
precalculated P, will be the correct one. Curve 2 of Figure 10.6 is 
the one applicable to gas dispersion with the data of this section. 

2. Start with a choice of superficial liquid velocity и, made in 
accordance with the criteria of Table 10.2. With the aid of the 
known gas velocity и, and d/D, find P,/V from Figure 10.12. 
Then proceed to find N by trial with Figures 10.11(a) and 10.6 as 
in method 1. 


Kga 


LB MOLES 
FTJ/HR/ATM 














0.8 0.6 1.0 2.0 4.0 8.0 10 
HP / 1000 GAL. GASSED 
Figure 10.9. Typical data of mass transfer coefficients at various 


pewer levels and superficial gas rates for oxidation of sodium sulfite 
in aqueous solution. d/D = 0.25-0.40 (Oldshue, 1983). 


d/D and HP is read off Figure 10.8(d). 
HP 


d/D Off btm Uniform 


0.2 20 65 
0.4 7.5 25 
0.6 4 12 


Comparing with readings from Tables 10.2 and 10.3, 


Superficial 
liq. velocity HP/rpm 
0.3 (off btm} 10/45, 10/56 


0.6 (uniform) 30/155, 30/125, 30/100, 30/68 


These results correspond roughly to those of the Oldshue 
method at d/D — 0.4. Тһе impeller sizes can be determined with 
Figures 10.6 and 10.7. 


3. As soon as a superficial liquid velocity has been selected, a 
suitable combination of HP/rpm can be taken from Table 10.5. 


These procedures are applied in Example 10.4. 

As general rules, levels of 5-12 HP/1000 gal are typical of 
aerobic fermentation vessels, and 1-3 HP/1000 gal of aerobic waste 
treatment; concentrations and oxygen requirements of the 
microorganisms are different in the two kinds of processes. 


Impeller power /volume, hp/10Q0 gal 





8со 005 010 015 020 025 030 
Superficial gos velocity, ft/s 


Figure 10.10. Minimum power requirement to overcome flooding as 
a function of superficial gas velocity and ratio of impeller and tank 
diameters, d/D. [Hicks and Gates, Chem. Eng., 141-148 (19 July 
1976)]. 
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(b) 


Figure 10.11. Power consumption. (a) Ratio of power consumptions 
of aerated and unaerated liquids. Q is the volumetric rate of the 
gas: (О) glycol; ( x ) ethanol; (V) water. [After Calderbank, Trans. 
Inst. Chem. Eng. 36, 443 (1958)]. (b) Ratio of power consumptions 
of aerated and unaerated liquids at low values of О/Ма?. Six-bladed 
disk turbine: (0) water; (@) methanol (10%); (A) ethylene glycol 
(8%); (A) glycerol (40%); P, = gassed power input; P = ungassed 
power input; О = gas flow rate; N = agitator speed; d = agitator- 
impeller diameter. [Luong апа Volesky, AIChE J. 25, 893 (1979)]. 


10.7. IN-LINE BLENDERS AND MIXERS 


When long residence time is not needed for chemical reaction or 
other purposes, small highly powered tank mixers may be suitable, 
with energy inputs measured in HP/gal rather than HP/1000 gal. 
They bring together several streams continuously for a short contact 
time (at most a second or two) and may be used whenever the 
effluent remains naturally blended for a sufficiently Jong time, that 
is, when a true solution is formed or a stable emulsion-like mixture. 
When it is essential that the mixing be immediate each stream will 





10u,(d/ D)? 


Y- 





X = (P]V)(d/ D) 88 


Figure 10.12. Relation between power input, P/V HP/1000 gal, 
superficial liquid velocity и; ft/sec, ratio of impeller and tank 
diameters, d/D, and superficial gas velocity и, ft/sec. [Hicks and 
Gates, Chem. Eng., 141—148 (19 July 1976)]. 


have its own feed nozzle, as in Figure 10.13(b), but usually the 
streams may be combined externally near the blender and then 
given the works, as in Figure 10.13(a). 

One manufacturer gives these power ratings: 


Tank size (gal) 1 5 10 30 
Motor HP 05 1 2 3 


Another ties in the line and motor sizes: 


Line size, іп) 1-4 6-8 10-12 
Motor HP 0.5 1 2 


But above viscosities of 10 сР а body one size larger than the line 
size is recommended. 

Other devices utilize the energy of the flowing fluid to do the 
mixing. They are inserts to the pipeline that force continual changes 
of direction and mixing. Loading a section of piping with tower 
packing is an example but special assemblies of greater convenience 
have been developed, some of which are shown in Figure 10.14. In 
each case manufacturer's literature recommends the sizes and 
pressure drops needed for particular services. 

The Kenics mixer, Figure 10.14(a), for example, consists of a 
succession of helical elements twisted alternately in opposite 
directions. In laminar flow for instance, the flow is split in two at 
each element so that after n elements the number of striations 
becomes 2". The effect of this geometrical progression is illustrated 
in Figure 10.14(b) and points out how effective the mixing becomes 
after only a few elements. The Reynolds number in a corresponding 
empty pipe is the major discriminant for the size of mixer, one 
manufacturer's recommendations being 


Nae Number of Elements 
Less than 10 24 
10-2000 12-18 
More than 2000 6 


Besides liquid blending applications, static mixers have been 
used for mixing gases, pH control, dispersion of gases into liquids, 
and dispersion of dyes and solids in viscous liquids. They have the 
advantages of small size, ease of operation, and relatively low cost. 
The strong mixing effect enhances the rate of heat transfer from 
viscous streams. Complete heat exchangers are built with such 
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EXAMPLE 10.4 
HP and rpm Requirements of an Aerated Agitated Tank 
A tank contains 5000 gal of liquid with sp gr- 1.0 and viscosity 


100 cP that is aerated and agitated. The ratio of impeller to tank 
diameters is d/D = 0.4. Two sets of conditions are to be examined. 


а. The air rate is 972SCFM ог 872 АСЕМ at an average 
submergence of 4 ft. The corresponding superficial gas velocity is 
0.206 ft/sec ог 0.063 m/sec. А mass transfer coefficient 
К,а = 0.2/sec is required; Dickey's equation (10.6) applies. Find 
the power arid rpm needed. 

b. The air rate 15 296 АСЕМ, 0.07 ft/sec, 0.0213 m/sec. Тһе 
required intensity of mixing corresponds to a liquid superficial 
velocity of 0.5 ft/sec. Find the power, rotation speed, and mass 
transfer coefficients for sulfite oxidation and for fermentation. 


a. 4=0.4(9.47) =3.79 ft, 45.46 in., 

kra = 0.064(P,/ V) "up? = 0.2, 

Р./У = [0.2/0.064(0.206)9 7] 7 = 8.00 HP, 

Р, = 5(8.0) = 40.0 НР/5000 gal, 

Q/Nd? = 872/(379Y N = 16.02/N, 

Ng, = 10.75Nd^S/ u = 10.75(45.46)°N/100 = 222N. 


Equation (10.2), 
М,-1.523(10%)Р/М7455 = 78,442P/ №. 


Curve 2 of Figure (10.6) applies. P,/P from Figure 10.10(a). Solve 
by trial. 


№ O/Nd PIP №, М P Р, 
100 0.160 0.324 22,200 4 51 16.5 

150 0,107 0.422 33,300 4 172 72.6 

127 0.1261 0.3866 28,194 4 104.5 40.4=40.0 


The last entry of P, checks the required value 40.0. Find the 
corresponding superficial liquid velocity with Figure 10.12: 


X = (PJV)(d/ D)9 = 8.04(0.4)-9 = 1.48, 
at ug = 0.206 ft/sec, Y —2.0, 


ли, = 2/10(0.4)!? = 0.60 ft/sec. 


From Table 10.2, a liquid velocity of 0.6-0.7 ft/sec will give 
moderate to high dispersion. Table 10.5 gives possible HP/rpm 
combination of 30/125, somewhat less than the value found here. 
b. With liquid circulation velocity specified, 
и, = 0.5 ft/sec. 


Use Figure 10.12: 


Y =iou,(d/D)'? = 10(0.5)(0.4)"? = 1.67, 
X- 0.8, 
Р. /У = 0.8/(0.4)^55 = 4.36 HP/1000 gal 


(this does exceed the minimum of 1.6 from Figure 10.11), 


Р, = 5(4.36) = 21.8, 





2. зу 
ма 296/(3.79 N = 5.437/М, 
№, = 222М (part a), 
p BMAP (part a). 


UON 
Solve by trial, using Figure 10.10(a) and curve 2 of Figure 10.6. 


м а/м РР №, М P Р, 


P 


100 0.0544 0.5194 22,200 4 51 26.5 
94 0.0576 0.5130 4 4235 21.7=2.8 


The closest reading from Table 10.5 is HP/rpm = 25/100 which is а 
good check. 
For sulfite oxidation, at и, = 0.07 ft/sec, 


Р,/У =4.36 HP/1000 gal, from Figure 10.9, 
К,а = 0.07 lb mol/(cuft)/(hr)(atm). 


For fermentation, Eq. 10.6 gives 


куа =0.064(4.36)27 (0.07)? 
16 mol/(cuft)(sec) 


= 0.105 Ib mol/cuft 





mixing inserts in the tubes and are then claimed to have 3-5 times 
normal capability in some cases. 


10.8. MIXING OF POWDERS AND PASTES 


Industries such as foods, cosmetics, pharmaceuticals, plastics, 
rubbers, and also some others have to do with mixing of high 
viscosity liquids or pastes, of powders together and of powders with 
pastes. Much of this kind of work is in batch mode. Thc processes 
are so diverse and the criteria for uniformity of the final product are 
so imprecise that the nonspecialist can do little in the way of 
equipment design, or in checking on the recommendations of 
equipment manufacturers. Direct experience is the main guide to 
selection of the best kind of equipment, predicting how well and 
quickly it will perform, and what power consumption will be. For 


projects somewhat out of direct experience and where design by 
analogy may not suffice, testing in pilot plant equipment is a service 
provided by many equipment suppliers. 

А few examples of mixers and blenders for powders and pastes 
are illustrated in Figure 10.15. For descriptions of available 
equipment—their construction, capacity, performance, power 
consumption, etc.—the primary sources are catalogs of manufac- 
turers and contact with their offices. Classified lists of manu- 
facturers, and some of their catalog information, appear in the 
Chemical Engineering Catalog (Reinhold, New York, annually) 
and in the Chemical Engineering Equipment Buyers Guide 
(McGraw-Hill, New York, annually). Brief descriptions of some 
types of equipment are in Perry’s Chemical Engineers Handbook 
(McGraw-Hill, New York, 1984 and earlier editions). Well-classified 
descriptions, with figures, of paste mixers are in Ullmann (1972, 
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(a) 


Figure 10.13. Motor-driven in-line blenders: (a) Double impeller made by Nettco Corp.; (b) 
three-inlet model made by Cleveland Mixer Co. 


| 
CIEL DIT 


Т 


Element Number 


(a) 








Number of Striations 
(e) (f) 


Figure 10.14. Some kinds of in-line mixers and blenders. (a) Mixing and blending with a recirculating pump. (b) Injector 
mixer with a helical baffle. (c) Several perforated plates (orifices) supported on a rod. (d) Several perforated plates flanged in. 
(e) Hellical mixing elements with alternating directions (Kenics Corp.). (f) Showing progressive striations of the flow channels 


with Kenics mixing elements. 
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(h) 
Figure 10.15. Some mixers and blenders for powders and pastes. (а) Ribbon blender for powders. (b) Flow pattern in a double cone blender 
rotating on a horizontal axis. (c) Twin shell (Vee-type); agglomerate breaking and liquid injection are shown on the broken line. (d) Twin 


rotor; available with jacket and hollow screws for heat transfer. (e) Batch muller. (f) Twin mullers operated continuousiy. (g) Double-arm 
mixer and kneader (Baker- Perkins Inc.). (b) Some types of blades for the double-arm kneader (Baker- Perkins Inc.). 


304 MIXING AND AGITATION 


Vol. 2, рр. 282-300) and a similar one for powder mixers (/oc. cit., 


pp. 301-311). Since this equipment industry has been quite stable, 
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SOLID-LIQUID SEPARATION 


olid—liquid separation is concerned with mechanical 
processes for the separation of liquids and finely 
divided insoluble solids. 


11.1. PROCESSES AND EQUIPMENT 


Much equipment for the separation of liquids and finely divided 
solids was invented independently in a number of industries and is 
of diverse character. These developments have occurred without 
benefit of any but the most general theoretical considerations. Even 
at present, the selection of equipment for specific solid-liquid 
Separation applications is largely a process of scale-up based on 
direct experimentation with the process material. 

The nature and sizing of equipment depends on the economic 
values and proportions of the phases as well as certain physical 
properties that influence relative movements of liquids and 
particles. Pressure often is the main operating variable so its effect 
on physical properties should be known. Table 11.1 is a broad 
classification of mechanical processes of solid-liquid separation. 
Clarification is the removal of small contents of worthless solids 
from a valuable liquid. Filtration is applied to the recovery of 
valuable solids from slurries. Expression is the removal of relatively 
small contents of liquids from compressible sludges by mechanical 
means. 

Whenever feasible, solids are settled out by gravity or with the 
aid of centrifugation. In dense media separation, an essentially 
homogeneous liquid phase is made by mixing in finely divided solids 
(less than 100 mesh) of high density; specific gravity of 2.5 can be 
attained with magnetite and 3.3 with ferrosilicon. Valuable ores and 
coal are floated away from gangue by such means. In flotation, 
surface active agents induce valuable solids to adhere to gas bubbles 
which are skimmed off. Magnetic separation also is practiced when 
feasible. Thickeners are vessels that provide sufficient residence 
time for settling to take place. Classifiers incorporate a mild raking 
action to prevent the entrapment of fine particles by the coarser 
ones that are to be settled out. Classification also is accomplished in 
hydrocyclones with moderate centrifugal action. 


TABLE 11.1. Chief Mechanical Means of 
Solid—Liquid Separation 





1. Settling 
а. by gravi 
i. in thickeners 
ii. in classifiers 
b. by centrifugal force 
c. by air flotation 
d. by dense media flotation 
е. by magnetic properties 
2. Filtration 
a. on screens, by gravity 
b. on filters 
i. by vacuum 
ii. by pressure 
iii. by centrifugation 
3. Expression 
a. with batch presses 
b. with continuous presses 
i. screw presses 
ii. rolls 
Ш. discs 


Freely draining solids may be filtered by gravity with horizontal 
screens, but often filtration requires а substantial pressure 
difference across a filtering surface. An indication of the kind of 
equipment that may be suitable can be obtained by observations of 
sedimentation behavior or of rates of filtration in laboratory vacuum 
equipment. Figure 11.1 illustrates typical progress of sedimentation. 
Such tests are particularly used to evaluate possible flocculating 
processes or agents. Table 11.2 is a classification of equipment 
based on laboratory tests; test rates of cake formation range from 
several cm/sec to fractions of a cm/hr. 

Characteristics of the performance of the main types of 
commercial SLS equipment аге summarized in Table 11.3. The 
completeness of the removal of liquid from the solid and of solid 
from the liquid may be important factors. In some kinds of 
equipment residual liquid can be removed by blowing air or other 
gas through the cake. When the liquid contains dissolved substances 
that are undesirable in the filter cake, the slurry may be followed by 
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Figure 11.1, Sedimentation behavior of а slurry, showing loose and 
compacted zones (Osborne, 1981). 
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TABLE 11.2. Equipment Selection on the Basis of Rate of 
Cake Buildup 


Rate of 


Process Type Cake Buildup Suitable Equipment 


Rapid 0.1-10 cm/sec gravity pans; horizontal belt or 
filtering top feed drum; continuous 
pusher type centrifuge 
Medium 0.1-10 cm/min vacuum drum or disk or pan or 
filtering belt; peeler type centrifuge 
Slow 0.1-10cm/hr pressure filters; disc and tubular 
filtering centrifuges; sedimenting 
centrifuges 
Clarification negligible cartridges; precoat drums; filter 
cake aid systems; sand deep bed 
filters 


(Tiller and Crump, 1977; Flood, Parker, and Rennie, 1966). 


pure water to displace the residual filtrate. Qualitative cost 
comparisons also are shown in this table. Similar comparisons of 
filtering and sedimentation types of centrifuges are in Table 11.19. 

Final selection of filtering equipment is inadvisable without 
some testing in the laboratory and pilot plant. А few details of such 
work are mentioned later in this chapter. Figure 11.2 is an outline 
of a procedure for the selection of filter types on the basis of 
appropriate test work. Vendors need a certain amount of in- 
formation before they can specify and price equipment; typical 
inquiry forms are in Appendix C. Briefly, the desirable information 
includes the following. 


1. Flowsketch of the process of which the filtration is a part, with 
the expected qualities and quantities of the filtrate and cake. 

2. Properties of the feed: amounts, size distribution, densities and 
chemical analyses. 

. Laboratory observations of sedimentation and leaf filtering rates. 

. Pretreatment options that may be used. 

. Washing and blowing requirements. 

. Materials of construction. 


AM уь UC 


A major aspect of an SLS process may be conditioning of the 
slurry to improve its filterability. Table 11.4 summarizes common 
pretreatment techniques, and Table 11.5 lists a number of 
flocculants and their applications. Some discussion of pretreatment 
is in Section 11.3. 


11.2. THEORY OF FILTRATION 


Filterability of slurries depends so markedly on small and 
unidentified differences in conditions of formation and aging that no 
correlations of this behavior have been made. In fact, Ше situation 
is so discouraging that some practitioners have dismissed existing 
filtration theory as virtually worthless for representing filtration 
behavior. Qualitatively, however, simple filtration theory is 
directionally valid for modest scale-up and it may provide a 
structure on which more complete theory and data сап be 
assembled in thc future. 

As filtration proceeds, a porous cake of solid particles is built 
up on a porous medium, usually a supported cloth. Because of the 
fineness of the pores the flow of liquid is laminar so it is represented 
by the equation 


ЧУ _ ААР 
Q — = 


"UT RC (11.1) 


The resistance R is made up of those of the filter cloth R, and that 
of the cake R, which may be assumed proportional to the weight of 
the cake. Accordingly, 


dV AAP AAP 
О-а u(R,* R.) u(R, + acV/A)' 
a = specific resistance of the cake (m/kg), 
c= wt of solids/volume of liquid (kg/m), 
и = viscosity (М ѕес/т2) 
Р = pressure difference (N/m?) 





(11.2) 


A = filtering surface (m?) 
V = volume of filtrate (m?) 
О = rate of filtrate accumulation (m?/sec). 


В; and а are constants of the equipment and slurry and must be 
evaluated from experimental data. The simplest data to analyze are 
those obtained from constant pressure or constant rate tests for 
which the equations will be developed. At constant pressure Eq. 
(11.2) is integrated as 





AAP ac ‚ә 
oe’ t= RV += . 
u t=RV+ 2A V (11.3) 
and is recast into linear form as 
t [1 нас У 
V/A AP ! 2APA' (1.4) 


The constants R, and а аге derivable from the intercept and slope 
of the plot оҒ//У against V. Example 11.1 does this. If the constant 
pressure period sets in when г = t; and V = Vg, Eq. (11.4) becomes 


1—10 Bo 


V-V, ААР 


нас 
2А?АР 





К, + (V + V. (11.5) 


A plot of the left hand side against V + И, should be linear. 
At constant rate of filtration, Eq. (11.2) can be written 


y AAP 


Q= f^ (Е; + acV/A) 


(11.6) 


and rearranged into the linear form 


AP AP u 
О vit A 


pac 
Ry + Fr V. 








(11.7) 


The constants again are found from the intercept and slope of the 
linear plot of AP/Q against V. 

After the constants have been determined, Eq. (11.7) can be 
employed to predict filtration performance under a variety of 
constant rate conditions. For instance, the slurry may be charged 
with a centrifugal pump with a known characteristic curve of output 
pressure against flow rate. Such curves often may be represented by 
parabolic relations, as in Example 11.2, where the data are fitted by 
an equation of the form 

P=a—Q(b+cQ). (11.8) 
The time required for a specified amount of filtrate is found by 
integration of 


У 
=| av/Q. (11.9) 
0 
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TABLE 11.3. Comparative Performance of 51$ Equipment? 








Feed Conditions 














Product Parameters Favoring Use Equipment Characteristics Direct Costs 
Solids Liquid 
in Liquid in Sotid Wash* Solids Solids Particle 
Product Product Possibilities Concentration Density Size Power Space Holdup Initial Operating Maintenance 
Filtration 
Vacuum drum F G E? high to pue medium high medium medium high high medium 
filter med. 
Disc filters Е в P to F medium — fine high medium medium med. to high medium 
high 
Horizontal F G G to E? high to == coarse high medium medium medium high medium 
filter med. 
Precoat filter E pex Pto F** very low — slimy high to medium medium high very high medium 
med. 
Leaf (Kelly) G to E? F FtoG low — fine, med. to medium medium medium very high medium 
filter slimy low 
Sedimentation 
Thickener GtoE P P medium dense medium low very very med. to low very low 
high high low 
Clarifier G P verv P low med. fine very very very med. to low very low 
dense low high high low 
Classifier P P PtoF medium dense coarse low high high med. to low low 
low 
Centrifugation 
Disc FtoG P P low to med. medium fine high low low high high high 
Solid bow! P F РюЕ med. to high medium med. to high low low med. to high high 
fine high 
Basket PtoF E E^ med. to high = coarse high low low medium high high 
Liquid cyclones 
Large Р PtoF P low to med. high medium med. to low low very low medium high 
low 
Small multiple PtoF P very P low med. to fine med. to low low low medium medium 
high low 
Screens P PtoF P med. to high — coarse to low very very very medium med. to high 
med. low low low 
Ultrafiltration E P to F P low = very fine med. to high high high high very high 
high 








ар = Poor. F — Fair. G = Good. Е = Excellent. * Decantation wash always possible. A Displacement wash feasible. ** Solids product contaminated by precoat material. 
(Ригсһав, 1981). 
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Finat sizing and 
process costing 


Laboratory routine 


Final test work 


Assemble data and 
physical properties 








Tube centrifuge 
test 













-- Нудгосусіопе test ------------ 


Magnetic separator ————— —— 9 


Sedimentation 
test 








Magnet test 


Select filter medium from those 
with suitable chemical resistance 


A 








Sedimentation centrifuges ——— = 


Continuous nozzte 
- Buchner test Batch tubular bowt 
Batch disc bowl 
Setect Batch disc bowl, 
? | 
another medium 15 clarity satisfactory ? selt-opening 
Try grade either side of chosen medium 
and choose fastest permissible grade 
Plot total flow 
agains? time 


Check grade and 
dosage of filter aid 









Is filter aid required? 


Continuous rotary ————————_ 
precoat filter 


(№) (ves) Precoat vacuum 
leaf test 
(+) ts form rate > 1/16 inch іп 3min 
at 25 inches vacuum? 
(№) (ves) Perforated basket 
centrifuge test 
Vacuum teat test 


Is pickup satisfactory ? 


Batch centrifugal filters -------і- 


Continuous rotary ——————————»- 
vacuum filter | 






Centrifugal filters О 
Continuous pusher 
Continuous worm discharge 
Continuous oscittating screen 
Helical conveyor decanter —————-- 
centrifuge | 
Continuous table filter -------- 


Various pressure filters ———————— 8» 
| Pressure teat test | Continuous drum 
Batch leaf 
Batch ptate 
Batch tubular element 
Batch cartridge 
Batch plate and frame 


Complete the 
investigation 


Thicken 
the slurry 


Figure 11.2. Experimental routine for aiding the selection of solid-liquid separation equipment (Davies, 1965). 


3. Concentration 


TABLE 11.4. Action and Effects of Slurry Pretreatments 


Action On Technique 
1. Liquid 1. heating | 
2. dilution with solvent 
3. degassing and stripping 
2. Solid 1. coagulation by chemical 
particles additives 


2. flocculation by natural 
or forced convection 


3. aging 


1. increase by appropriate 


of solids first-stage device such 
as settling tank, cyclone 
flotation cel! or 
filter/thickener 
2. classify to eliminate 
fines, using sedimentation 
or cyclone 
3. add filter powder (e.g., 
diatomite) or other solids 
to act as ‘body aid’ 
4. Solid/liquid 1. heat treatment, e.g., 
interaction Porteus process 
involving pressure 
cooking 
. freeze/thaw 
. ultrasonics 


(Purchas, 1981). 


оь м 


agents 


. ionized radiation 
. addition of wetting 


TABLE 11.5. Natures and Applications of Typical Flocculants 


Trade Name 


Аішт 


Ferric 
sulfate 


Sodium 
CMC 
Kelgin W 


Separan 


Fibrefloc 

Corn 
starch 

Polynox 


Silica sol 
Sodium 
aluminate 


Guar gum 


Sulfuric 
acid 


Effects 


reduction of viscosity, thereby speeding 
filtration and settling rates and reducing 
cake moisture content 

prevents gas bubbles forming within the 
medium or cake and impeding filtration 

destabilizes colloidal suspensions, allow- 
ing particles to agglomerate into 
microflocs 

microflocs are brought into contact with 
each other to permit further agglomera- 
tion into large flocs 

size of individual particles increases, e.g., 
by crystal growth 

rate of filtration increased, especially 
if initial concentration <<2% 


rate of filtration increased and cake 
moisture content reduced 


rate of filtration increased by more 
porous cake and possibly by high total 
solid concentration 


physical methods which condition sludge 
and induce coagulation and/or 
flocculation 


reduces the interfacial surface tension, 
improves the draining characteristics of 
the cake, and decreases the residual 
moisture content 


Normal Normal Approx. 
Type or Typical Range of pH Effective Price 
Composition Mechanism Application Effectiveness Concentration per Ib? Manufacturer 
Al,(S8O,)4-XH,0 electrolytic and water treatment 5-10 15 ppm 26 inorganic chemical 
coagulation manufacturers 
Fe4(SO4)XH;O electrolytic water treatment any 5-100 ppm 2€ inorganic chemical 
coagulation and chemical manufacturers 
processing 
sodium carboxy- coagulation and mineral 3-9 0.03—0.5 Ib/ton 506 Hercules, DuPont 
methylcellulose bridging processing 
algins coagulation and water treatment 4-11 up to 5 ppm $1.50 Keico Co. 
bridging 
acrylamide bridging chemical 2-10 0.2710 ppm $1.00-$2.00 Dow Chemical Co. 
polymer processing 
animal glue electrolytic waste treatment 1-9 5-30 ppm 18% Armour and Co. 
corn starch bridging mineral 2-10 10 Ib/ton 7¢ — 
processing 
polyethylene bridging chemical 2—10 1—50 ppm $2.00 Union Carbide 
oxide processing 
activated electrolytic waste treatment 4-6 1-20 ppm 1.56 аз inorganic chemical 
silica sol coagulation sodium manufacturers 
silicate 
sodium coagulation water treatment 3-12 2—10 ppm 10€ National Atuminate 
aluminate 
guar gum bridging mineral 2-12 0.02-0.3 Ib/ton 3bé General Milis 
processing 
Н;50, electrolytic waste treatment 1-5 highly variable 16 inorganic chemical 


manufacturers 


81966 prices, for comparison only. 
(Purchas, 1981). 
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EXAMPLE 11.1 
Constants of the Filtration Equation from Test Data 
Filtration tests were performed on a CaCO, slurry with these 


properties: 


С = 135 kg solid/m? liquid, 
и = 0.001 М sec/m?. 


The area of the filter leaf was 500 cm^. Data were taken of the 
volume of the filtrate (L) against time (sec) at pressures of 0.5 and 
0.8 bar. The results will be analyzed for the filtration parameters: 


0.5 bar 0.8 bar 


0 V/A t ШО/А t МА 


05 0.01 6.8 680 48 480 
1 0.02 19.0 950 12.6 630 
15 0.03 36.4 1213 22.8 760 
2 0.04 53.4 1335 35.6 890 
25 0.05 76.0 1520 50.5 1010 


3 0.06 102.0 1700 69.0 1150 
35 007 1312 1874 88.2 1260 
4 0.08 163.0 2038 112.0 1400 
45 0.09 - -- 

5 0,10 165.0 1650 


The units of V/A are m?/m?. Equation (11.2) is 


d(V/A) AP 
а ШЕ, +аСУ[А)’ 





whose integral may be written 


Rr aC Y t 
AP/u 2(AP/p)A VIA’ 





Intercepts and slopes are read off the linear plots. At 0.5 bar, 


АР/и = 0.5(10°)/0.001 = 0.5(10°), 
Ry =600AP/u = 3.0(10'°) m'!, 


а = [18,000(2)/ C]AP/ u = 36,000(0.5)(105)/135 
= 1.333(10"°)  m/kg. 


At 0.8 bar, 


AP/u = 0.8(105), 
К, = 375(0.8)(10®) = 3(10!°) ттт, 
а = 12,750(2)(0.8) (10°) /135 = 1.511(1019)  m/kg. 


Fit the data with Almy-Lewis equation, Eq. (11.24), 


a = kp", 
п Іп(а/ о) 1n(1.511/1.333) 
7 (Р/Р) 1n(0.8/0.5) 





0.2664, 


к = 1.511(10"°)/0.8° 75 = 1 604(1019), 
m/kg, Р іп bar. 


у. а = 1.604(1010) p92664. 


1500 


1/(V/ A) 


500 





0 0.02 0.04 0.06 0.08 0.10 


М/А —— 





Basic filtration Eq. (11.2) is solved for the amount of filtrate, 


vo (422и), 


2 (11.10) 


Equations (11.8) and (11.10) are solved simultaneously for AP and 
Q at specified values of V and the results tabulated so: 


у АР а 1/0 t 
0 -- -- — 0 
Vinai m mm m tinal 


Integration is accomplished numerically with the Simpson or 
trapezoidal rules. This method is applied in Example 11.2. 

When the filtrate contains dissolved substances that should not 
remain in the filter cake, the occluded filtrate is blown out; then the 
cake is washed by pumping water through it. Theoretically, an 
amount of wash equal to the volume of the pores should be 
sufficient, even without blowing with air. In practice, however, only 


30-85% of the retained filtrate has been found removed by 
one-displacement wash. Figure 11.3(b) is the result of one such test. 
A detailed review of the washing problem has been made by 
Wakeman (1981, pp. 408-451). 

The equations of this section are applied in Example 11.3 to 
the sizing of a continuous rotary vacuum filter that employs a 
washing operation. 


COMPRESSIBLE CAKES 


Resistivity of filter cakes depends on the conditions of formation of 
which the pressure is the major one that has been investigated at 
length. The background of this topic is discussed in Section 11.3, 
but here the pressure dependence will be incorporated in the 
filtration equations. Either of two forms of pressure usually is 
taken, 

a = в P" (11.11) 
ог 


а-а(1- КР)". (11.12) 
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EXAMPLE 11.2 

Filtration Process with a Centrifugal Charge Pump 
A filter press with a surface of 50 m^ handles a slurry with these 
properties: 


и = 0.001 М sec/m’, 
C 2 10 kg/m, 

а = 1.1(10!) m/kg, 
R,— 6.5(101?) m^. 


The fecd pump is a centrifugal with a characteristic. curve 
represented by the equation 


AP -2— Q(0.00163Q — 0.02889), bar (1) 
with О in т? г. Find (a) the time required to obtain 50m? of 


filtrate; (b) the volume, flow rate, and pressure profiles. Equation 
(11.2) of the text solved for V becomes 





= xc Co Ну me ia Ero 6500) 
= 818.1 (S - 0.0036). (2) 


Zquations (1) and (2) are solved simultaneously to obtain the 
tabulated data. The time is found by integration with the 


Тһе first of these does not extrapolate properly to resistivity at low 
pressures, but often it is as adequate as the more complex one over 
practical ranges of pressure. 

Since the drag pressure acting on the particles of the cake 
varies from zero at the face to the full hydraulic pressure at the filter 
cloth, the resistivity as a function of pressure likewise varies along 
the cake. А mean value is defined by 


г (4) L pfa d ^P dP 
а \a/ mean АРА о АРЫ а’ 


where АР, is the pressure drop through the cake alone. In view of 
the roughness of the usual correlations, it is adequate to use the 
overall pressure drop as the upper limit instead of the drop through 
the cake alone. 

With Eq. (11.12) the mean value becomes 





(11.13) 


&gk(1 — n)AP 


а-а KAP)" = 1° 


(11.14) 


The constants ау, k, and n are determined most simply in 
compression-permeability cells as explained in Section 11.4, but 
those found from filtration data may be more appropriate because 
the mode of formation of a cake also affects its resistivity. 
Equations (11.14) and (11.2) together become 





d(V/A) АР ік a ck(1 — n)AP du 


dt u L^ 1 КАРУСІ-1А (11.15) 


trapezoidal rule: 





" 50 dV 
о Q 
у АР о t (hr) 
0 0.1576 43.64 0 
10 0.6208 39.27 0.24 
20 0.9896 35.29 0.51 
30 1.2771 31.71 0.81 
40 1.4975 28.53 1.14 
50 1.6648 25.72 1.51 
60 
у 
ж- 
t 40 2 | 
АР 
> Т n- 
о — 
Q 
20 1 
0 0 
0 0.4 0.8 1.2 1.6 
--- 
which integrates at constant pressure into 
2t  2u Xocku(1 — n) 
=— А, + А . 
V/A АР” (1-kAP) "—-1 (V/A) (11.16) 


The four unknown parameters are ао, k, n, and Ry. The left-hand 
side should vary linearly with V/A. Data obtained with at least 
three different pressures are needed for evaluation of the 
parameters, but the solution is not direct because the first three 
parameters are involved nonlinearly in the coefficient of V/A. The 
analysis of constant rate data likewise is not simple. 

The mean resistivity at a particular pressure difference can be 
evaluated from a constant pressure run. From three such 
runs—AP,, AP,, and AP;—three values of the mean resistivity— 
&,, 8, and &;—can be determined with Eq. (11.2) and used to find 
the three constants of the expression for an overall mean value, 

а = а1+ КАР)", (11.17) 
which is not the same as Eq. (11.12) but often is as satisfactory а 
representation of resistivity under practical filtration conditions. 
Substituting Eq. (11.17) into Eq. (11.2), the result is 


d(V/A) _ AP 





. 11.18 
dt H[Ry + аос(1 + kAP)'(V/A)] ( ) 
Integration at constant pressure gives the result 
&%си(1 + ХАР) V t 
=r ==. .19 
2AP д + АКТАР V/A (11.19) 


312 SOLID-LIOUID SEPARATION 


10 





8 
лә 6 - та 
= | = 
2 a 
Е 4 = 
~ I 
g 9 
8 g 
5? E 
2 4 
m 

1 

0.1 0.2 0.5 0.6 1 2 4 

Time, minutes 
(a) 

я 10 
Е 


0.2 0.4 0.6 0.8 1.0 12 14 1.6 
DRY TIME — MIN. 


INSTANTANEOUS GAS FLOW THROUGH CAKE — 
СЕМ/ЕТ.2 MEASURED AT VACUUM (х 0.305 = т? /тіп. 


(с) 


PERCENT REMAINING 








MAXIMUM 
EFFICIENCY 
0.5 1.0 1.5 20 2.5 
WASH RATIO 
(b) 
32 
м 20 
E 
1 
- 
= 
в 
> 28 
o 
o 
ш 
@ 
э 
E 
a 
Q 2 
X 
< 
o 
24 
0 0.1 0.2 0.3 
0а /W 
СЕМ \/OP \/ ва 
on COD 
(d) 


Figure 11.3. Laboratory test data with a vacuum leaf filter. (a) Rates of formation of dry cake and filtrate. (b) Washing efficiency. (c) Air flow 
rate vs. drying time. (d) Correlation of moisture content with the air rate, pressure difference AP, cake amount W lb/sqft, drying time 


0, min and viscosity of Паша (Dahlstrom and Silverblatt, 1977). 





EXAMPLE 11.3 
Rotary Vacuum Filter Operation 
A TiO, slurry has the properties 


c = 200 kg solid/m? liquid, 
p, = 4270 kg/m?, 

и = 0.001/3600 М hr/m?, 

x = 1.6(E12) m/kg (item 4 of Fig. 11.2), 

£ = 0.6. 


Cloth resistance is К„=1(Ё10) т. Normal peripheral speed is 
about 1 m/min. Filtering surface is 1/3 of the drum surface and 
washing surface is 1/6 of the drum surface. The amount of wash 
equals the pore space of the cake. The cake thickness is to bc 
limited to 1cm. At suitable operating pressures, find the drum 


speed in rph and the drum diameter: 











C V 
1 = 0.01 щ=— 
cake thickness = 0.01 m pü- EJA 
---20 и 
4270(0.4) А” 
V, 0.01(4270)(0.4) 
fa 34 2 
4 200 0.0854 m?/m?, 
wash liquid = pore volume 
=0.01(0.6) = 0.006 m^ тг. (1) 
With thc pressure difference in bar, 
d(V/A) |. 10°AP, А 
dt (0.001/3600)|10:9 + 160(10'%)У/А] 
|. 36AP, 
3) -160V/A" Q) 


EXAMPLE 11.3—(continued) 


The integral at constant pressure is 
80(V,/A. + И-/А = 36A Pptp (3) 
With V,/A = 0.0854, 


AP,t; = 0.01858, 
ip = 0.01858/АР, = 1/34, (4) 
fig = 17.94AP,, (5) 


where #, is the rph speed needed to make the 1 cm thick cake. 
From Eq. (2) the washing rate is 





O O З6АР, __ 
"== 160(0.0854) = 2:455А 2). (6) 
Washing time: 

0.006 0.00244 1 
i= = =>, (7) 
2455AP, АР, ñ, 
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ny, = 68.3AP, (8) 


Comparing (5) and (8), it appears that an rph to meet the 
filtering requirements is 68.3/17.94 = 3.8 times that for washing апа 
is the controlling speed. 

With a peripheral speed of 60 m/hr 


60 = zDn, 
D=60/an = 19.1/n. (9) 


The parameters at several pressures are 


АР, (ба) 02 04 06 08 
й (rph) 3.59 7.18 10.76 14.35 
D (m) 5.3 2.66 1.78 1.33 


If the peripheral speed were made 1.22m/min, a drum 
1.0 m dia would meet the requirements with AP = 0.8 bar. Another 
controllable feature is the extent of immersion which can be made 
greater or less than 1/3. Sketches of a rotary vacuum filter are in 
Figure 11.12. 





Eq. (11.19) could be written in terms of 4 from Eq. (11.17) and 
would then have the same form as Eq. (11.2), but with only А; as a 
parameter to be found from a single run at constant pressure. In 
Example 11.1, the mean resistivity is found from the simpler 
equation 

& = (АРУ. (11.20) 

Analysis of the filtration of a compressible material is treated т 
Example 11.4. 


11.3. RESISTANCE TO FILTRATION 


The filtration equation 


о АР 

2 = xr 11.2 

А (Ер + acV/A) (1.2) 
considers the overall resistance to flow of filtrate to be made up of 
contributions from the filter medium R,, and from the cake with 
specific resistance c. 


FILTER MEDIUM 


In practice, a measured R, includes the effects of all factors that are 
independent of the amount of the cake; in a plate-and-frame press, 
for instance, piping and entrance and exit losses will be included, 
although most of the resistance usually is due to the medium itself. 
Aging and the resulting increase in resistance is a recognized 
behavior, particularly of media made of fibers. Particles are 
gradually occluded in the media so thoroughly that periodic 
cleaning cannot restore the original condition. The degree of 
penetration of the medium depends on the porosity, the pore sizes, 
particles sizes, and velocity. Normally К; is found to depend on the 
operating pressure; оп plots like those of Example 11.1, the two 
intercepts may correspond to different values of К; at the two 
pressures. 

Data for some filter media are shown in Table 11.6. Although 
these porosities and permeabilities are of unused materials, the 
relative values may be useful for comparing behaviors under 
filtration conditions. Permeability К, normally is the property 


reported rather than the resistivity that has been discussed here. It 
is defined by the equation 


О/А-К,АР/Ш, (11.21) 
where L is the thickness. Тһе rclation to the resistivity is 
К = L/K,. (11.22) 


Thus the filtration resistivity of the medium includes its thickness. 
Typical measured valucs of В, are of the order of 109171; for 
comparison, the fine filter sheet of Table 1.6, assuming it to be 
1 mm thick, has Б/К, —0.001/0.15(10 7) = 0.7(101°) m~’. 


CAKE RESISTIVITY 


A fundamental relation for the flow resistance of a bed of particles 
is due to Kozeny (Ber. Wien. Akad. 135a, 1927, 271—278): 


а = Кз2(1 — в)/е?, 
K — approximately 5 at low porosities, 


(11.23) 


50 = specific surface of the particles, 
р, = density of the particles, 
£ — porosity, volume voids/volume of cake. 


Because the structure of a cake is highly dependent on operating 
conditions and its history, the Kozeny equation is only of qualitative 
value to filtration theory by giving directional effects. 

At increasing pressures, the particles or aggregates may be 
distorted and brought closer together. The rate of flow also may 
affect the structure of a cake: at low rates a loose structure is 
formed, at higher ones fine particles аге dragged into the previously 
formed bed. The drag pressure at a point in a cake is the difference 
between the pressure at the filter medium and the pressure loss due 
to friction up to that point. As the drag pressure at a distance from 
the filter cloth increases, even at constant filtering pressure, the 
porosity and resistance adjust themselves continuously. Figure 
11.4(a) shows such effects of slurry concentration and filtering rates 


314 SOLID-LIQUID SEPARATION 





EXAMPLE 11.4 
Filtration and Washing of a Compressible Material 
А kaolin slurry has the properties 


c — 200 kg solid/m? filtrate, 

и=0.001 N sec/m?, 2.78(E — 7) N hr/m?, 
р, = 200 kg/m?, 

a = 87(E10)(1 + Р/3.45)®7 m/kg with P in bar, 
є = 1— 0.460(1 + P/3.45)^ 


The equations for a and ғ are taken from Table 11.8. 

Filtration will proceed at a constant rate for 15 тіп, the 
pressure will rise to 8 bar and filtration will continue at this pressure 
until the end of the operation. Filter cloth resistance is 
R; = 1(1019) т". The down time per batch is 1 hr. 


а. Find the maximum daily production of filtrate. 

b. The filtrate will be blown and then washed with a volume of 
water equal to the pore space of the cake. Find the maximum 
daily production of filtrate under these conditions. 


Part (a) 
Basis 1 m? of filtering surface. At P = 8 bar, or 8(10°) Pa 


а = 87(1016) (1 + 8/3.45)°7 = 2.015(1012) m/kg, 
Е-1-0.46(1--8/3.45)042 = 0.47, 
иса = (0.001/3600)(200)(2.015)(1072) = 1.12(105) N hr/m^. 


The filtration equation (11.2) is 





dV _ AAP _ АР 
dt w(Rp+aCV/A) (0.001/3600)[10' + 2.015(107)(200)V] 
АР 


©2780 + 1.12(105)V" 
The rate when / = 0.25h and АР = 8(105) Pa, 
8(105) 8(105) 


О = 578011201090; ^ 27804 0.28(1090 
= 0.1691 m/m? hr. 





Тһе amount of filtrate at this time is 
И, = Qt = 0.1691(0.25) = 0.0423 т?. 
The integral of the rate equation at constant P is 


2780(V, — 0.0423) + 0.56(105)(V7 — (0.00423)?] 
= 8(105)(4, — 0.25). 


Filtering period is 
tj = 0.25 + 0.0035(V, — 0.0423) + 70.0(V7 — 0.0018). 
Daily production rate, 


Ка = (no of batches/day)(filtrate/batch) 


24У, 24у; 
= t= , m’/(m’)(day) 
tatti [tt 
24V, 


~ 1.25 + 0.0035(У, — 0.0423) + 70(/2 — 0.0018) ` 





The tabulation shows that R, is a max when V, = 0.127. 





и t Ry 
0.12 1.3507 
0.126 1.3526 
0.127 1.2533 1.3527 (max) 
0.128 1.3526 
0.129 1.3525 
0.130 1.3522 
Part {b} 
22. у, 200(0. 
Amount of wash liquid = сиё (0.47) = 0.07097, 


p.(1— e) 2500(0.53) 


wash rate — filtering rate at the conclusion of the filtration 


_ А 8010) 
и(В, + асуу) 2780 + 1.12(105 V," 
0.709, [2780 + 1.12(105)V;] 
8(10°) 





m?/hr, 





t, = wash time = 
= V,(0.000246 + 9.926V,), 
R,= 2AV, 
l+it+t, 
24V, 
~ [1 + 0.0035(V — 0.0423) + 7010(V7 — 0.0018) 
+ V, (0.000246 + 9.926V,)]. 





The optimum operation is found by trial: 


V, = 0.105, 
= 1.0805, 
t,, = 0.1095, 
Ка = 1.1507 (max), daily production rate. 





on the parameters of the correlating equation 


а = а (АР)”. (11.24) 
The measurements were obtained with a small filter press. Clearly, 
the resistivity measured at a particular rate is hardly applicable to 
predicting performance at another rate or at constant pressure. 


COMPRESSIBILITY-PERMEABILITY (CP) CELL 
MEASUREMENTS 


The probable success of correlation of cake resistivity in terms of all 
the factors that have been mentioned has not been great enough to 
have induced any serious attempts of this nature, but the effect of 
pressure has been explored. Although the @ сап be deduced from 


TABLE 11.6. Porosities and Permeabilities of Some Filter 


Media 
Porosity (95) 
Wedge wire screen 5-10 
Perforated sheet 20 
Wire mesh: 
Twill weave 15-25 
Square 30-35 
Porous plastics, metals, cerz mics 30-50 
Crude kieselguhr 50-60 
Porous ceramic, special 70 
Membranes, plastic foam 80 
Asbestos/cellulose sheets 80 
Refined filter aids (diatomaceous earth ex- 80-90 
panded perlite) 
Paper 60-95 
Scott plastic foam 97 
Permeability, 10"K, im?) (compare Eq. (11.22)} 
Filter aids 
Fine 0.05-0.5 
Medium 1-2 
Coarse 4-5 
Cellulose fibre pulp 1.86 
Cellulose fibre + 5% asbestos 0.34 
Filter sheets 
Poiishing 0.017 
Fine 0.15 
Clarifying 1.13 
Sintered metal 
3 um pore size 0.20 
8 ит pore size 1.0 
28 um pore size 7.5 
75 ит pore size 70 


(Purchas, 1981). 


filtration experiments, as done in Example 11.1, a simpler method is 
to measure them in a CP cell as described briefly later in this 
chapter. Equation (11.24) for the effect of pressure was proposed by 
Almy and Lewis (1912). For the materials of Figure 1.2(b), for 
instance, it seems to be applicable over at least moderate stretches 
of pressure. Incidentally, these resistances are not represented well 
by the Kozeny porosity function (1- &)/&?; for substance 6, the 
ratio of resistivities at 100 and 1psia is 22 and the ratio of the 
porosity functions is 2.6. The data of Table 11.7 also show a 
substantial effect of pressure on resistivity. 

Since the drag pressure varies along the cake as a result of 
friction, porosity and resistivity also will vary with position. Figure 
11.5 shows such data at three different overall pressures. The axial 
profile of the normalized pressure, Piocai/Praces appears to һе a 
unique function of fractional distance along the cake, independent 
of the filtering pressure. The resistivity will vary along the cake just 
as the porosity does. Ав the cake builds up, moreover, the drag 
pressure, porosity, and resistivity at a particular distance from the 
filter medium also will vary. Consequently, since the resistivity does 
not necessarily change linearly with position, any mean value also is 
tikely to vary as the cake builds up. Thus, in the filtration equation 
even a mean value of œ has to be expressed as a function of P and 
V. The proper mathematical representation of a filtration process is 
by means of an integro-differential equation with a moving 
boundary (the face of the cake). Such an analysis was made by 
Wakeman (1978) and a similar one by Tiller, Crump, and Ville 
(1979). At present, unfortunately, such a mathematical approach to 
filtration problems is more of academic than practical value. One of 
the factors that is not taken into account is the effect of flow rate on 
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the formation and stability of loose cake structures; such behavior 
normally is not reproducible. 


ANOTHER FORM OF PRESSURE DEPENDENCE 


Equation (11.24) cannot be entirely valid because it predicts zero 
resistivity at zero pressure, whereas cakes do have structures and 
significant resistivities even at minimal operating pressures. 
Modified Eq. (11.12) is extrapolatable, and is rewritten hore as 


а= (1+ КР)" (11.25) 
with a similar one for porosity 
в=1- (1- £o)(1 + ЕР)". (11.26) 


Some data fitted to these equations by Tiller et al. (1979) аге in 
Table 11.8; here the constant k is the same for both а and e, 
although this is not necessarily generally the case. Unfortunately, 
these data show that the parameters are not independent of the 
pressure range. Apparently the correlation problem has not been 
solved. Perhaps it can be concluded that insofar as the existing 
filtration theory is applicable to real filtering behavior, the 
approximation of Almy and Lewis may be adequate over the 
moderate ranges or pressures that are used commonly, somewhere 
between 0.5 and 5 atm. 


PRETREATMENT OF SLURRIES 


Since the sizes of particles and agglomerates of the slurry are a main 
determinant of a rate of filtration, any methods of influencing these 
sizes are of great practical value. For example, Figures 1.2(b) and 
(c) show CaCO, and TiO, each to be precipitated at two different 
values of pH with resultant great differences in resistivity and 
porosity. At 10 ряа, for instance, the resistivities of the two 
CaCO,’s are in the ratio of 5, with corresponding differences in rate 
of filtration. Pretreatment of a slurry to enhance coagulation and 
particle growth is an important aspect of filter process design. 
Another method of long standing for improving filtration behavior 
is the formation of an open cake structure by addition of relatively 
large and rigid particles of a filter aid. The common methods of 
pretreatment are listed in Table 11.4, and some chemical flocculants 
that are of practical value are described in Table 11.5. These effects 
cannot be predicted safely and must be measured. 


11.4. THICKENING AND CLARIFYING 


When dilute slurries are encountered on a large scale, it is 
more economical to concentrate them before filtering. This is 
accomplished by sedimentation or thickening in tanks for an 
appropriate period. Typical designs of thickeners are sketched in 
Figure 11.6. The slurry is introduced at the top center, clear liquid 
overflows the top edge, whereas the solids settle out and are worked 
gradually towards the center with slowly rotating rakes towards the 
discharge port at the bottom center. The concentrated slurry then is 
suitable for filtration or other further processing. Clarifiers are 
similar devices, primarily for recovering clear liquids from dilute 
suspensions. Some characteristics of sedimentation equipment are 
given in Table 11.3 and typical applications are listed in Table 11.9 
and 14.7. Sedimentation rates often are assisted by addition of 
flocculating agents, some of which are listed in Table 11.5. 
Specifically, pilot plant testing is advisable when 


1. The expecting filtering area is expected to be substantial, 
measured in tens of m?. 
2. Cake washing is critical. 
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Figure 11.4. Data of compressibilitics and porosities of filter cakes. (a) Parameters of the correlation а = a, (AP)" for resistivity of CaSiO, 
filter cakes at two rates and two concentrations (Rushton and Katsoulas, 1984). (b) Resistivity as a function of pressure measured in a 


compressibility-permeability (CP) cell [Grace, Chem. Eng. Prog. 49, 303, 367, 427 (1953)]. (c) Porosity as a function of pressure for the 
same six materials (Grace, loc. cit.). 


3. Cake drying is critical. 
4. Cake removal may be a problem. 
5, Precoating may be needed. 


11.5. LABORATORY TESTING AND SCALE-UP 


Laboratory filtration investigations are of three main kinds: 


1. observation of sedimentation rates; 

2. with small vacuum or pressure leaf filters; 

3. with pilot plant equipment of the types expected to be suitable 
for the piant. 


Sedimentation tests are of value particularly for rapid evaluation of 
the effects of aging, flocculants, vibration, and any other variables 
that conceivably could affect a rate of filtration. The results may 
suggest what kinds of equipment to exclude from further con- 
sideration and what kind is likely to be worth investigating. For 
instance, if sedimentation is very rapid, vertical leaves are excluded, 
and top feed drums or horizontal belts are indicated; or it may be 
indicated that the slurry should be preconcentrated in a thickener 
before going to filtration. If the settling is very slow, the use of filter 
aids may be required, etc. Figure 11.1 illustrates typical 
sedimentation behavior. Figure 11.2 summarizes an experimental 
routine. 

Vacuum and pressure laboratory filtration assemblies are 
shown in Figure 11.7. Mild agitation with air sometimes may be 
preferable to the mechanical stirrer shown, but it is important that 
any agglomerates of particles be kept merely in suspension and not 
broken up. The test record sheet of Figure 11.8 shows the kind of 
data that normally are of interest. Besides measurements of filtrate 
and cake amounts as functions of time and pressure, it is desirable 


TABLE 11.7. Specific Resistances of Some Filter 


Cakes 
Filtration Resistance 
Pressure SI Units, 
Material psi m/kg 
High grade kieselguhr — 1.64 x 10° 
Ordinary kieselguhr 25 1.15 x 10" 
100 131 x 107! 
Carboraffin charcoal 1.4 3.14 x 1079 
10 5.84 x 10'° 
Calcium carbonate 25 2.21 x 10" 
(precipitated) 100 2.68 x 10"! 
Ferric oxide (pigment) 25 8.04 x 10" 
100 14.12 x 107 
Mica clay 25 4.81 x 10"! 
100 8.63 x 10" 
Colloidai clay 25 5.10 x 107 
100 6.47 x 10"? 
Magnesium hydroxide 25 3.24 x 10? 
(gelatinous) 100 6.97 x 10? 
Aluminium hydroxide 25 2.16 x 10? 
(gelatinous) 100 4.02 x 10'? 
Ferric hydroxide 25 1.47 x 10? 
(gelatinous) 100 4.51 x 10? 
Thixotropic mud 80 6.77 x 10% 
Theoretical figures for 
rigid spheres: 
а = 10 шт - 6.37 x 10? 
d=1um - 6.37 x 10" 
d=0.1 um — 6.37 x 10? 


(Carman, 1938). 
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to test washing rates and efficiencies and rates of moisture removal 
with air blowing. Typical data of these kinds are shown in Figure 
11.3. Detailed laboratory procedures are explained by Bosley 
(1977) and Dahlstrom and Silverblatt (1977). Test and scale-up 
procedures for all kinds of SLS equipment are treated in the book 
edited by Purchas (1977). 

Before any SLS equipment of substantial size is finally selected, 
it is essential to use the results of pilot plant tests for guidance. 
Although many vendors are in a position to do such work, pilot 
equipment should be used at the plant site where the slurry is made. 
Because slurries often are unstable, tests on shipments of slurry to 
the vendors pilot plant may give misieading results. It may be 
possible to condition a test slurry to have a maximum possible 
resistivity, but a plant design based on such data will have an 
unknown safety factor and may prove uneconomical. 


COMPRESSION-PERMEABILITY CELL 


Such equipment consists of a hollow cylinder fitted with a 
permeable bottom and a permeable piston under controlled 
pressure. Slurry is charged to the slurry, cake is formed with gentle 
suction, and the piston is lowered to the cake levei. The rate of flow 
of filtrate at low head through the compressed cake is measured at a 
series of pressures on the piston. From the results the resistivity of 
the cake becomes known as a function of pressure. The data of 
Figures 11.4(b) and (c) were obtained this way; those of Figure 
11.4(a) by filtration tests. 

There is much evidence, however, that the resistivity behavior 
of a cake under filtration conditions may be different from that 
measured in a CP cell. Tbe literature is reviewed by Wakeman 
(1978). CP cell data are easily obtained and may be of value in a 
qualitative sense as an indication of the sensitivity of resistivity to 
pressure, but apparently are not of acceptable engineering accuracy 
for the design of filtration equipment. The deduction of resistivities 
from filtration tests is illustrated in Example 11.1. 


THE SCFT CONCEPT 


No serious attempt has yet been made to standardize filtration tests 
and to categorize filtration behavior in generally accepted terms. A 
possibly useful measure of filterability, however, has been proposed 
by Purchas (1977; 1981). The time in minutes required to form a 
cake 1ст thick when the cell is operated with a differential of 
500 Torr (0.67 bar) is called the Standard Cake Formation Time 
(SCFT), 4- The pressure of 500 Torr is selected because it is 
obtained easily with common laboratory equipment. The procedure 
suggested is to make a series of tests at several caxe thicknesses and 
to obtain the SCFT by interpolation, rather than to interrupt a 
single test to make observations of cake thickness. А direct relation 
exists, of course, between the SCFT and resistivity а; some 
examples are 


Material а (m/Kkg) SCFT t, (min) 
Filter aid 1.64(E9) 0.26 
СаСО; 2.21(E11) 34.6 
Colloidal clay 5.10(E12) 798 


Full scale filtration equipment requirements can be estimated 
quickly in terms of ір. For instance, when the resistance of the filter 
medium is neglected, the constant pressure Eq. (11.3) may be 
written as 


НЕЕ 








(11.27) 


where 1, is the thickness of the cake in meters. Upon rationing іп 
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Figure 11.5. Axial distribution of pressure and porosity of an ignition-plug clay measured in a CP cell. (a) Normalized pressure distribution as 
a function of normalized distance [(— — —) experimental filtration data; theoretical curves: (х) AP = 98 КМ m 2; (8) AP 2294 kN m 7; (A) 
АР = 883 kN m ?]. (b) Porosity distributions at three pressures. The curves are by Wakeman (1978). 


the SCFT data for 0.01 m, 


АР _ 


2 
oen, 1901.) 


(11.28) 


with АР іп bar. From this relation the filtering time can be found at 
a specified pressure and cake thickness and when £p is known. 


SCALE-UP 


Sizing of full scale equipment on the basis of small scale tests 
requires a consideration of possible ranges of at least the following 
variables: 


1. filterability as measured by cake and medium resistivity; 

2. feed rate and concentration; 

3. operating conditions, particularly pressure and high initial rates; 
4. behavior of the filter cloth with time. 


Safety factors for scale up from laboratory leaf tests are difficult to 
generalize. On the basis of pilot plant work, adjustments of 11-21% 
are made to plate-and-frame filter areas or rates, and 14-20% to 
continuous rotary filters, according to Table 1.4. 

The performance of solid-liquid separation equipment is 
difficult to predict by the engineer without some specific experience 
in this area. Unfortunately, it must be again recommended that the 


advice of experienced vendors should be sought, as well as that of 
expert consultants. 


11.6. ILLUSTRATIONS OF EQUIPMENT 


Equipment for solid-]iquid separation is available commercially 
from many sources. About 150 names and addresses of suppliers in 
the United States and abroad are listed by Purchas (1981). 
Classifications of vendors with respect to the kind of equipment are 
given, for instance, іп Chemical Engineering Catalog (Reinhold, 
New York, annual) and in Chemical Engineering Equipment Buyers 
Guide (McGraw-Hill, New York, annual). 

The variety of solid-liquid separation equipment is so great 
that only a brief selection can be presented here. The most 
extensive modern picture gallery is in the book of Purchas (1981). 
The older encyclopedia of Kieser (Spamer-Springer, Berlin, 1937, 
Vol. 2) has 250 ilustrations in 130 pages of descriptions; the 
pictures do not appear to have aged particularly. Illustrations in 
manufacturers catalogs are definitive and often reveal the 
functioning as well as aspect of the equipment. The selected figures 
of this chapter are primarily line drawings that best reveal the 
functioning modes of the equipment. 

Figure 11.9 shows two models of sand filters whose purpose is 
to remove small contents of solids from large quantities of liquids. 
The solids deposit both on the surface of the bed and throughout 
the bed. They are removed intermittently by shutting off the main 
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TABLE 11.8. Parameters of Equations for Resistivity о and Porosity £ of Some 


n 
1+2) 


Ра 


(1—)=(1—- (1 +8)" 


Filter Cakes 
«= 
Pressure 
range, Par 
Material kPa kPa 
СаСО; (ref. 7) 3—480 1 
СаСО; (ref. 8) 7-550 7 
550-7000 790 
Darco-B (ref. 8} 7-275 1.7 
275-7000 520 
Kaolin-Al,SO, (ref. 8) 7-415 7 
415-7000 345 
Solka-Floc (ref. 8) 7-275 2.75 
275—7000 260 
Talc-C (ref. 8) 7-1400 5.5 
1400-7000 1400 
TiO, (ref. 8) 7—7000 7 
Tungsten (ref. 8) 7-480 7 
480-7000 520 
Hong Kong 1-15 1 
pink kaolin (ref. 9) 15-1000 12 
Gairome clay (ref. 10) 4—1000 3.4 


(Tiller et al, 1979) 


flow and backwashing with liquid. The concentrated sludge then 
must be disposed of in some way. Beds of charcoal are employed 
similarly for clarification of some organic liquids; they combine 
adsorption and mechanical separation. 

Clarification of a large variety of liquids is accomplished with 
cartridge filters which come in a large variety of designs. Usually the 
cartridges are small, but liquid rates in excess of 5000gpm have 
been designed for. The filtering surface may be a fine metal screen 
or an assembly of closely spaced disks whose edge face functions as 
the filtering surface, or woven or matted fibers. The operation is 
intermittent, with either flushing back of the accumulated solids or 
replacement of the filtering elements in the body of the cartridge, or 
in some instances the solids are scraped ой the filtering surface with 
& built-in mechanism and then flushed out in concentrated form. 
The variety of cartridge filters are described in detail in books by 
Warring (1981), Purchas (1981), and Cheremisinoff and Azbel 
(1983). Table 11.10 is a selected list of some of their applications 
and the minimum sizes of particles that are removed. 

Figure 11.6 is of two types of sedimentation equipment, and 
Figure 12.2(e) of another. They are used for clarifying a valuable 
liquid or for preparing a concentrated slurry for subsequent 
filtration. They depend on gravitational sedimentation. Removal is 
assisted by rake action, or by the conical sides of the vessel of 
Figure 11.6(b). 

Figure 11.10 is of the main kinds of filters that can be operated 
at superatmospheric pressures which may be necessary with 
otherwise slow filtering slurries. Commercial sizes are listed in 
Table 11.11. They all operate on intermittent cycles of cake 
formation, washing, dewatering with air blowing and cake removal. 
The plate-and-frame design of Figure 11.10(a) is the most widely 
recognized type. In it, cake removal is effected after separating the 
plates. The horizontal plate design of Figure 11.10(b) is popular in 


fo, 
mkg x10 ^ m (1—2) f* 
11 0.15 0.209 0.06 
5.1 0.2 0.225 0.06 
8.1 0.9 0.263 0.22 
1.1 0.4 0.129 0.08 
4.7 1.8 0.180 0.18 
43 0.3 0.417 0.04 
87 0.7 0.460 0.12 
0.00058 1.0 0.132 0.16 
0.13 2.0 0.237 0.26 
4.7 0.55 0.155 0.16 
35 1.8 0.338 0.25 
18 0.35 0.214 0.1 
0.39 0.15 0.182 0.05 
0.38 0.9 0.207 0.22 
42 0.35 0.275 0.09 
70 0.55 0.335 0.1 
370 0.55 0.309 0.09 


smaller sizes under, 2 ft dia or so; the plates are lifted out of the 
casing for cake removal. The other units all have fixed spacings 
between the leaves. From them the cakes may be blown back with 
air or flushed back or scraped off manually. The Vallez unit of 
Figure 11.10(f) ordinarily does not require the case to be opened for 
cleaning. 

Figure 11.11 is of continuous horizontal filtering equipment 
that operate primarily with vacuum, although they could be housed 
in pressure-tight casings for operation at superatmospheric pressure 
or with volatile liquids. Both the belt and the rotary units are well 
suited to rapidly settling and free draining slurries. In comparison 
with rotary drum vacuum filters, the horizontal equipment of Figure 
11.11(c) has the merit of more readily accessible piping, a real 
advantage from a servicing point of view. 

Figure 11.12 represents the main kinds of rotary drum filters. 
Commercial sizes are listed in Table 11.14. The flowsketch of Figure 
11.12(a) identifies the main auxiliaries required for this kind of 
filtration process. Feed to the drum may be dip-type as in Figure 
11.12(b), but top feed designs also are widely used. The unit with 
internal filtering surface of Figure 11.12(c) is suited particularly to 
rapidly settling solids and has been adapted to pressure operation. 

Cake removal usually is with a scraper into a screw or belt 
conveyor, but Figure 11.12(d) depicts the use of a drum with a 
filtering belt that is subject to a continual cleaning process. Some 
filters have a multi parallel string discharge assembly whose path 
follows that of the belt shown. 

The double drum filter of Figure 11.12(e) has obvious merit 
particularly when top feeding is desirable but it is not used widely 
nowadays. Disk filters of the type of Figure 11.12(f) are the most 
widely used rotary type when washing of the cake is not necessary. 

Figure 11.13 is of a variety of devices that utilize centrifugal 
force to aid in the separation of solid and liquid mixtures. Figure 
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Figure 11.6. Thickeners for preconcentration of feed to filters or for 
disposal of solid wastes [see also the rake classifier of Fig. 12.2(е)]. 
(a) A thickener for concentrating slurries on a large scale. The 
rakes rotate slowly and move settled solids towards the discharge 
port at the center. Performance data are in Table 11.11 (Brown, 
Unit Operations, Wiley, New York, 1950). (b) Deep cone thickener 
developed for the National Coal Board (UK). In a unit about 
10% Фа the impellers rotate at about 2rpm and a flow rate of 
70m?/sec with a solids content of 6wt%, concentrates to 
25-35 wt % (Svarovsky, 1981). 


11.13(a) performs cake removal at reduced rotating speed, whereas 
the design of Figure 11.13(d) accomplishes this operation without 
slowing down. The clarifying centrifuge of Figure 11.13(e) is 
employed for small contents of solids and is cleaned after shutdown. 
The units of Figures 11.13(b) and (c) operate continuously, the 
former with discharge of cake by a continuous helical screw, the 
latter by a reciprocating pusher mechanism that operates at 
30—70 strokes/min and is thus substantially continuous. 
Hydrocyclones generate their own, mild centrifugal forces. 
Since the acceleration drops off rapidly with diameter, hydrocy- 


TABLE 11.9. Performances of Sedimentation Equipment 
(a) Thickeners® 


% solids 


Unit area, 
—— sq. ft./ton, 
Feed Underflow day 

Alumina, Bayer process: 

Red-mud primary settlers 3-4 10-25 20-30 

Red-mud washers 6-8 15-20 10-15 

Red-mud final thickener 6-8 20—35 10-15 

Trihydrate seed thickener 2-8 30-50 12-30 
Cement, West process 16-20 60-70 15-25 
Cement kiln dust 9-10 45-55 3-18 
Coral 12-18 45-55 15-25 
Cyanide slimes 16-33 40—55 5-13 
Lime mud: 

Acetylene generator 12-15 30—40 15-33 

Lime-soda process 9-11 35-45 15-25 

Paper industry 8-10 32-45 14-18 
Magnesium hydroxide from brine 8-10 25-50 60-100 
Metallurgical (flotation or gravity 

concentration): 

Copper concentrates 14-50 40-75 2-20 

Copper tailings 10-30 45-65 4-10 

Lead concentrates 20-25 60-80 7-18 

Zinc concentrates 10-20 50-60 3-7 
Nickel: 

Leached residue 20 60 8 

Sulfide concentrate 3-5 65 25 
Potash slimes 1-5 6-25 40-125 
Uranium: 

Acid leached ore 10-30 25-65 2-10 

Alkaline leached ore 20 60 10 

Uranium precipitate 1-2 10-25 50-125 


(b) Clarifiers 


Overflow rate, Detention time, 


Application gal./min., sq. ft. hr 


Primary sewage treatment 

(settleable-solids removal) 0.4 2 
Secondary sewage treatment (final 

clarifiers—activated sludge and 


trickling filters) 0.55-0.7 1.5-2 
Water clarification (following 30- 
min. flocculation) 0.4—0.55 3 


Lime and lime-soda softening (high 
rate—upflow units) 1.5 2 
Industrial wastes Must be tested for each application 


* See also Table 14.7. 


(Perry's Chemical Engineers Handbook, McGraw-Hill, New York, 1963, 
pp. 19.49, 19.52). 


clones are made only a few inches in diameter. For larger 
capacities, many units are used in parallel. The flow pattern is 
shown schematically in Figure 11.13(f). The shapes suited to 
different applications are indicated in Figure 11.13(g). In Figure 
11.13(h), the centrifugal action in a hydrocyclone is assisted by a 
high speed impeller. This assistance, for example, allows handling 
of 6% paper pulp slurries in comparison with only 1% in unassisted 
units. Hydrocyclones are perhaps used much more widely for dust 
separation than for slurries. 


11.7. APPLICATIONS AND PERFORMANCE OF EQUIPMENT 


Data of commercially available sizes of filtration equipment, thcir 
typical applications, and specific performances are available only to 
a limited extent in the general literature, but more completely in 
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Figure 11.7. Two types of laboratory filter arrangements. (а) 
Vacuum test filier arrangement; standard sizes are 0.1, 0.05, or 
0.025 sqft (Dahlstrom апа Silverblatt, 1977). (b) Laboratory 
pressure filter with a vertical filtering surface and a mechanical 
agitator; mild air agitation may be preferred (Bosley, 1977). 


manufacturers' literature. Representative data are collected in this 
section and summarized in tabular form. One of the reasons why 
more performar.ce data have not been published is the difficulty of 
describing each system concisely in adequate detail. Nevertheless, 
the limited listings here should afford some perspective of the 
nature and magnitude of some actual and possibly potential 
applications. 

Performance often is improved by appropriate pretreatment of 
the slurry with flocculants or other means. An operating practice 
that is finding increasing acceptance is the delaying of cake 
deposition by some mechanical means such as scraping, brushing, 
severe agitation, or vibration. In these ways most of the filtrate is 
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expelled before the bulk of the cake is deposited. Moreover, when 
the cake is finally deposited from a thickened slurry, it does so with 
an open structure that allows rapid filtration. А similar factor is 
operative in belt or top feed drum filters in which the coarse 
particles drop out first and thus form the desirable open structure. 
A review of such methods of enhancement of filtration rates is by 
Svarovsky (1981). 

The relative suitability of the common kinds of solid—liquid 
separation equipment is summarized in Table 11.3. Filtration is the 
most frequently used operation, but sedimentation as a method of 
pretreatment and centrifugation for difficulty filterable materials has 
many applications. Table 11.15 gives more detail about the kinds of 
filters appropriate to particular services. 

Representative commercial sizes of some types of pressure 
filters for operation in batch modes are reported in Table 11.11. 
Some of these data are quite old, and not all of the equipment is 
currently popular; thus manufacturers should be consulted for the 
latest information. Commercially available size ranges of continuous 
belt, rotary drum, rotary disk, and horizontal rotary filters are listed 
in Table 11.12. For the most part these devices operate with vacua 
of 500 Torr or less. 

Sedimentation equipment is employed on a large scale for 
mineral and ore processing. These and other applications are listed 
in Table 11.9(a). The clarification operations of Table 11.9(b) are 
of water cleaning and sewage treatment. The sludges that are 
formed often are concentrated further by filtration. Such 
applications are listed in Table 11.16 along with other common 
applications of plate-and-frame filter presses. Sludge filter cakes are 
compressible and have high resistivity so that the elevated pressures 
at which presses сап be operated are necessary for them. Among 
the kinds of data given here are modes of conditioning the slurries, 
slurry concentrations, cake characteristics, and cycle times. 

Clarification of a great variety of industrial liquids is 
accomplished on smaller scales than in tank clarifiers by application 
of cartridge filters; some of these applications are listed in Table 
11.10. 

Cycle times, air rates, and minimum cake thicknesses in 
operation of rotary drum filters are stated in Table 11.13. A few 
special applications of horizontal belt filters are given in Table 11.14, 
but in recent times this kind of equipment is taking over many of 
the traditional functions of rotary drum filters. Belt filters are 
favored particularly for freely filtering slurries with wide range of 
particle sizes. 

The applications listed in Table 11.17 and 11.18 axe a few of 
those of rotary drum, rotary disk, and tipping or tilting pan filters. 
The last type employs a number of vacuum pans on a rotating 
circular track; after the cake is formed, the pans are blown back 
with air and then tipped to discharge the cake. The data of these 
tables include particle size range, moisture content of the cake, 
filtering rate, solids handling rate, vacuum pump load and degree of 
vacuum. Clearly a wide range of some of these variables occurs in 
practice. 

Characteristics of centrifugal filters and sedimentation centri- 
fuges are in Table 11.19. The filtering types are made to handle 
from less than 5tons/hr to more than 100 tons/hr of solids, with 
g-levels ranging from 30 to 3000. For sedimentation types, the 
£-levels listed range up to 18,000, but high values can be used only 
with small diameter equipment because of metai strength 
limitations. Capacity of sedimentation types is measured in terms of 
liquid rates, the maximum listed here being 100,000 L/hr. Ап 
outstanding featurc of centrifugal separators is the small sizes of 
particles that can be handled satisfactorily; the values іп thc table 
cover the range 1—400 ит. Short retention time is a feature of 
centrifuge operation that may be of interest when unstable materials 
need to be processed. 
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FILTRATION LEAF TEST DATA SHEET — VACUUM AND PRESSURE 
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Figure 11.8. A filtration leaf test data sheet (Dahlstrom and Silverblatt, 1977). 
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(b) 


Figure 11.9. Deep bed sand filters for removal of small contents of solids from large quantities of liquids. Accumulations from the 
top and within the bed are removed by intermittent backwashing. Charcoal may be used instead of sand for clarifying organic 
liquids. (a) Gravity operation. (b) Pressure operation. 


TABLE 11.10. Application of Cartridge Filters in Industry and 
Tvpical Particle Size Ranges Removed 





Industry and Liquid 


Chemical industry 
Alum 
Brinc 
Ethyl! Aicohot 
Ferric Chloride 
Herbicides/Pesticides 
Hydrochloric Acid 
Mineral Ой 
Nitric Acid 
Phosphoric Aci 
Sodium Hydroxide 
Sodium Hypochlorite 
Sodium Sulfate 
Sulfuric Acid 
Synthetic Oils 


Petroleum [Industry 
Atmospheric Reduced Crude 
Completion Fluids 
DEA 
Deasphalted Oil 
Decant Oil 
Diesel Гис! 

Gas Oil 

Gasoline 
Hydrocarbon Wax 
Isobutane 

MEA 

Naphtha 
Produced Water for Injection 
Residual Oil 
Seawater 

Steam Injection 
Vacuum Gas Oil 


All Industries 
Adhesives 
Boiler Feed Water 
Caustic Soda 
Chiller Water 
City Water 
Clay Slip (ceramic and china) 
Coal-Based Synfucl 
Condensate 
Coolant Water 
Cooling Tower Water 
Deionized Water 
Ethylene Glycol! 
Floor Polish 
Glycerine 
Inks 
Liquid Detergent 
Machine Oil 
Pelictizer Water 
Phenolic Resin Binder 
Photographic Chemicals 
Pump Scal Water 
Quench Water 
Resins 
Scrubber Water 
Wax 
Wellwater 





(Courtesy of Ronningen-Petter 


Ty pical Filtration Range 


60 mesh-60 um 
100-400 mesh 

5-10 ит 

30-250 mesh 
100-700 mesh 

100 mesh to 5-10 um 
400 mesh 

40 mesh to 5-10 um 
100 mesh to 5-10 um 
1-3 to 5-10 um 

1-3 to 5-10 um 
5-10 um 

250 mesh to 1-3 um 
25-30 um 


25-75 pm 

200 mesh to 1-3 um 
250 mesh to 5-10 um 
200 mesh 

60 mesh 

100 mesh 

25-75 um 

1-3um 

25-30 um 

250 mesh 

200 mesh to 5-10 um 
25-30 um 

1-3 to 15-20 um 
25-50 um 

5-10 um 

5-10 um 

25-75 um 


30-150 mesh 
5-10 um 
250 mesh 
200 mesh 
500 mesh to 1-3 ит 
20-700 mesh 

60 mesh 

200 mesh to 5-10 um 
500 mesh 

150-250 mesh 
100-250 mesh 

100 mesh to 1-3 um 
250 mesh 

5-10 um 

40-150 mesh 

40 mesh 

150 mesh 

250 mesh 

60 mesh 

25-30 ит 

200 mesh to 5-10 um 
250 mesh 

30-150 mesh 

40-100 mesh 

20-200 mesh 

60 mesh to 1-3 um 
Dover 


Division, Corporation, 


Portage, M!; Cheremisinoff and Azbel, 1983). 


11.7. APPLICATIONS AND PERFORMANCE OF EQUIPMENT 323 


TABLE 11.11. Sizes of Commercial Discontinuous Pressure 


Filters 


(a) Approximate Area and Cake Capacity for Various Sizes of Plate and 


Frame Filters 


Cake-Holding Capacity per 





Wood 


0.6 
1.43 
2.5 
5.4 
9.3 
14.6 
21.36 


Size of Effective Filtration grea Chamber per 25 mm of 
filter per Chamber (m^) Chamber Thickness / 
ate 
пт) Cast Гоп Wood Cast Iron 
250 0.096 0.054 1.2 
360 0.2 0.123 2.5 
470 0.35 0.21 4.4 
630 0.66 0.45 8.3 
800 1.1 0.765 13.7 
1000 1.74 1.2 21.62 
1200 2.5 1.76 31.4 
1450 3.7 2.46 46.24 


(b) Sizes of Kelly Filters (in.) 


Number of frames 
Spacing between frames (in.) 
Filter area (sqft) 


(c) Standard Sweetland Filter 


Length No. 

о Leaves 
ID? Shell 2іп. 

No. (іп) іп.) брасе 
1 10 203 9 
2 16 363 18 
5 25 61 30 
7 25 82 41 
16 31 109 54 
12 37 145 72 


30x49 40x108 48x120 
6 8 10 
4 4 4 
50 250 450 
Filter Filter 
No. Area Area 
Leaves 2 in. 4 in. 
4in. Spacing Spacing 
Space sqft) isqft) 
5 8 43 
9 46 23 
15 185 92 
20 252 123 
27 523 262 
36 1004 502 


30.2 


60 х 108 
12 
4 
650 


Total 
Weight^ 
of 
Filter 
(Ibs) 


550 
2150 
7300 
9350 

16500 
29600 


(d) Vallez Filter (Largest Size Only, 20 ft Long, 7 ft high, 7 ft wide)? 


Spacing of No. of O.D. of Leaf Filter Area Cake 
Leaves (in.) Leaves біп.) (sqft) ( 
3 52 52 1232 
4 39 52 924 
5 31 52 734 
6 23 52 646 


Capacity 
cuft) 


65 
72 
79 
32 


(e) Characteristics of Typical Vertical-Tank Pressure Leaf Filters? 


Max. Approx. 
Tank Filter — No. Leaf Cake Tank Overall 
Diam Area of Spacing Capacity Volume Height 
(in.) (sqft) Leaves (іп.) (cuft) (gal) (ft 
18 19 5 3 1.8 38 5.5 
18 24 5 3 23 45 6.0 
18 27 7 2 17 38 5.5 
18 35 7 2 2.2 45 6.0 
30 80 9 3 7.2 128 6.5 
30 95 9 3 8.7 132 7.0 
30 110 12 2 6.6 128 6.5 
30 125 12 2 8.0 132 7.0 
48 320 16 3 30.0 435 8.8 
48 370 16 3 35.0 500 9.3 
48 440 21 2 28.0 435 8.8 
48 510 21 2 32.0 500 9.3 


ВЕ. Н. Schule, Ltd. 


Diameter of leaf 1 in. less. 


2 Filled with water. 


Approx. 
Shipping 
Weight 
(Ib 


625 
650 
650 
675 
1125 
1200 
1180 
1275 
2900 
3050 
3125 
3325 


There are smaller sizes with leaves the outside diameters of which 
are 443, 36, 30, and 22 in.; for the 30 in. leaves, four lengths of shell аге 


available. 
°T, Shriver & Co., Inc. 
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Figure 11.10. Pressure filters for primarily discontinuous operation. (a) Classic plate-and-frame filter press and details; the plates are 
separated for manual removal of the cake (T. Shriver Co.). (b) Horizontal plate filter; for cleaning, the head is removed and the plates are 
lifted out of the vessel (Sparkler Mfg. Co.). (c) Pressure leaf filter; the leaf assembly is removed from the shell and the cake is scraped off 
without separating the leaves (Ametek Inc.). (d) The Kelly filter has longitudinal leaves mounted on a carriage; for cleaning, the assembly is 
slid out of the shell (Oliver United Filters). (e) The Sweetland filter has circular leaves and a split casing; the lower half of the casing is 
dropped to allow access for removal of the cake (Oliver United Filters). (f) The Vallez filter has circular leaves rotating at about 1 rpm to 
promote cake uniformity when the solids have a wide size range; removal of blown-back or washed back cake is accomplished with a built-in 
screw conveyor without requiring the shell to be opened (Goslin- Birmingham Co.). 
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Figure 11.10.—(continued) 
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Figure 11.11. Continuous horizontal vacuum filters especially suited 
to free settling and draining solids. (a) Principle of the conveyor 
belt filter; units may operate up to 0.5 m/sec with a cycle time up to 
10 min and produce cake thicknesses up to 15 cm. (b) Showing the 
construction of a grooved rubber belt support for the filter cloth of 
the belt filter (Purchas, 1981). (c) Rotating horizontal vacuum 
filter; the unit has readily accessible piping and is amenable to 
thorough washing of free draining solids (Dorr—Oliver Inc.). 
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Figure 11.12. Continuous rotary drum filters. (a) Flowsketch of continuous vacuum filtration with a rotary drum filter. The solids 
are taken away with a screw or belt conveyor (McCabe and Smith, Unit Operations of Chemical Engineering, McGraw-Hill, New 
York, 1956). (b) Cross section of a dip-type rotary drum filter showing the sequence of cake formation, washing, dewatering and 
cake removal; units also are made with top feed (Oliver United Filters). (c) Cross section of a rotary drum filter with internal 
filtering surface, suited particularly to free settling slurries (Oliver United Filters). (d) Rotary filter with a filtering belt that is 
discharged and cleaned away from the drum; in the similarly functioning string discharge filters, the filtering cloth remains on the 
drum but the string assembly follows the path shown here for the belt. (e) Double drum filter, particularly suited to rapidly 
settling slurries, and may be adapted to cake washing which is not shown in this unit (System Gerlach, Nordhausen, E. 
Germany). (f) Vacuum disk filter , the main kind in use when cake washing is not required (Dorr—Oliver Inc.). 
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TABLE 11.12. Sizes of Commercial Continuous Vacuum Filters 


(a) Horizontal Belt Filters? 
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Figure 11.12—(continued) 


Series FÉ Range No. Vac. Pans 
2600 10-45 1 
4600 45—200 1 
6900 150-700 1 
9600 130—500 2 
13,600 600-1200 2 
(Eimco). 


(b) Rotary Drum, Disk, and Horizontal Filters 
Rotary Drum Component Filters” 
Filter Surface Area (sqft) 


Drum ° 
iam 
(ft) Length (ft) 


4 6 8 10 12 14 16 18 20 22 24 


6 76 113 151 189 226 


8 200 250 300 350 400 
10 310 372 434 496 558 620 
12 456 532 608 684 760 836 912 


Disk Component Filters” 


Disk diam (ft)? 6 7 8 9 10 11 
Number of disks 

Min. 2 3 4 5 6 7 

Max. 8 9 10 11 12 13 


Filtering area per disk (sqft) 47 67 90 117 147 180 


Horizontal Filters 





Dia (ft)' 6 8 10 13 15 16 17 18 19 20 22 24 
Area (sqft) 

Nom 28 50 78 133 177 201 227 254 283 314 380 452 
Eff 25 45 65 120 165 191 217 244 273 304 372 444 


?Filtrate 10—1600 Ib/(hr)(sqft). 

> Adaptable to knife, wire, string, belt, or rol! discharge. 

© All-plastic construction filters also available in З and 4 ft drum dia, 
providing filter areas of 9 to 100 sqft. 

All disks are composed of 10 sectors. Disk spacing is 16 in. 

“Тһе American filter, a similar disk filter, also available in 4ft 
diameter, with 20 sqft disk. 

f Also available іп 3, 4, and 11.5 ft diameter. 
(Dorr—Oliver Inc.). 
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Figure 11.13. Filtering centrifuges. (a) Top suspended batch centrifugal filter; the cake is scraped off the screen intermittently at lowered 
rotation speeds of 50 rpm or so, cake thicknesses of 2-6 in., cycle time per load 2-3 min (McCabe and Smith, Unit Operations of Chemical 
Engineering, McGraw-Hill, New York, 1956). (b) A solid bowl centrifugal filter with continuous helical screw discharge of the cake (Bird 
Machine Co.). (c) Pusher type of centrifuge in which the cake is discharged with a reciprocating pusher mechanism that operates while the 
machine is at full speed (Baker—Perkins Co.). (d) Horizontal centrifugal with automatic controls for shutting off the feed, washing the cake 
and scraping it off, all without slowing down the rotation (Baker- Perkin Co.). (e) Supercentrifuge for removing small contents of solids from 
liquids; dimensions 3-біл. by 5 ft, speed 1000 rps, acceleration 50,000 g, 50-500 gal/hr, cleaned after shutdown. (f) Pattern of flow in а 
hydrocyclone. (g) The shape of hydrocyclone adapted to the kind of service. (h) Centrifugal action of a cyclone assisted by a high speed 
impeller (Voight Gmbh). 
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Figure 11.13—(continued) 
TABLE 11.13. Typical Applications of Industrial Filters 
Equipment Туре” Vacuum | Pressure 
Filtrate Rate i 5-55:5БҚБ.Б5Б5Б55>:5 
Material Characteristics kg/ (m?)(hr) A B с D E (Torr) (atm) 
Flotation concentrates minerals, «0.3m 300-1000 — — x — x 450-600 — 
Sedimentation concentrates > 0.3 mm 6000—42,000 — — x — x 50—150 -- 
Crystals and granules 0.05-0.3 mm 600-2000 — — x — x 100—300 — 
Beverages, juices worthless solids, 150-5000 х х — — — — 2.5-3.5 
use filter aids 
Pigments smeary, sticky, 120—300 — — x x — 500-680 -- 
0.06 тт 
Баісһ тоде х х — — — 2.5-4 
Limestone, oxide minerals fine, high density 200—1000 — — х — — 450—600 — 
batch mode x x — x - — 2.5-4 
Cane sugar mud fibrous, viscous x x x -- — - - 
Міпеггі ойв high viscosity, 
1-20% bleaching clays 100-1000 - х - — — — 4 
Liquid fuels low viscosity, 
bleaching clays 800-2500 — x — — — — <4 
Varnishes, lacquers cloudy, viscous, 
solid adsorbents 15-18 x — — — — — 1 
worthless solids, 
Fats, oils, waxes 50-70%С 500-800 х х — — = — - 
Sewage sludge colloidal, slimy 15-150 — — x — — 550—600 — 
Pulp and paner fibrous, free filtering 150-500 -- — х - — 150-500 -- 
fine limestone, 
Cement shale, clay, etc 300-1000 — — x — — 450—630 — 


? Equipment type: (A) filter press; (B) leaf pressure filters, such as Kelly, Sweetland, etc.; (C) continuous vacuum filter; (D) batch rotary 
filter; (E) continuous rotary filter. 
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TABLE 11.14. Design and Operating Factors for Continuous Vacuum Filters 


(a) Typical Factors for Cycle Design 


% of Cycle 
Submergence" Total а 

—М ипдег Мах“ Max for Required 

Effective Active Vac for Dewatering for Cake 

Filter type Apparent Maximum or Pressure Washing Only Discharge 

Drum 
Standard scraper 35 30 80 29 50—60 20 
Roll discharge 35 30 80 29 50—60 20 
Beit 35 30 75 29 45-50 25 
Coil or string 35 30 75 29 45—50 25 
Precoat 35, 55, 85 35, 55, 85 93 30 10 5 
Horizontal belt as req'd as req'd lengthen as req'd as reqd 0 
as req'd 

Horizontal table as req'd as req'd 80 as req'd as req'd 20 
Tilting pan as req'd as req'd 75 as req'd as req'd 2b 
Disc 35 28 75 none 45-50 25 


? Total available for effective subm., cake washing, drying, etc. 
P Value for bottom feed filters assume no trunnion stuffing boxes, except for precoat. Consult manufacturers for 
availability of higher submergences. 
* Maximum washing on a drum filter starts at horizontal centerline on rising side and extends to 15 past top dead 
center. 
Dewatering means drainage of liquor from cake formed during submergence. 





(b) Typical Air Flow Rates (c) Minimum Cake Thickness for Effective Discharge 
Air Flow at Minimum Design Thickness 
500 Torr Vacuum 
Type of Filter [m?/(h)m?)] Filter Type іп.) imm) 
Rotary drum 50—80 Drum 
Precoat drum 100-150 Belt . 1/8-3/16 3-5 
Nutsche 30-60 Roll discharge 1/32 1 
Horizontal belt or pan 100—150 Std scrapter 1/4 6 
Coil 1/8-3/16 3-b 
String discharge 1/4 6 
Precoat 0-1/8 max 0-3 max 
Horizontal belt 1/8-3/16 3-5 
Horizontal table 3/4 20 
Tilting pan 3/4-1 20-25 
Бізс 3/8-1/2 10-13 


Ша, b) Purchas, 1981; (c) Ригсһав, 1977]. 


TABLE 11.15. Typical Performance Data for Horizontal Belt Filters 


Filter Slurry feed Wash ratio Solubles Final cake 
area, characteristics (wt/wt based recovery moisture 
Application m? % solids pH t/hr on dry solids) % % 
Dewatering 
metallic 
concentrates 8 40 — 20 — — 7 
Brine 
precipitate 
sludge 25 12 — 1 8 90 50 
Calcine leach 60 45 10 78 1 99.7 14 
Uranium leach 
pulp 120 50 1-2 300 0.4 99.3 18 
Cyanide leach 
gold pulp 120 50 10-11 80 0.6 99.6 20 


(Delfilt Ltd.; Purchas, 1981). 
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TABLE 11.16. Examples of Filter Press Performance for Dewatering of Wastes in Municipal, Potable Water 
and Industrial Effluents 


Тура of Materiai 


Fine waste slurry 


Frothed tailings 

Primary sewage sludge 
Digested sewage sludge 
Heat treated sludge 
Mixed sewage sludge 
including surplus 
activated 

Paper Mill Humus sludge 


Paper МИ! pool effluent 
sludge 


Pickling and plating sludge 


Potable water treatment 
sludge 


Brine sludge 
Hydroxide sludge 


Lead hydroxide sludge 


(Edwards and Jones Ltd.). 


Nature and leve! of conditioning 


Polyelectrolytes 0.05—0.3 Ib/ton 
Polyelectrolytes 0.05—0.3 Ib/ton 


Filtration 
cycle time 
(Hr) 


0.5-2 
1-2.5 


5—25% lime with 5—15% copperas, 5-25% 3-7 


lime and 3-6% ferric chloride 
or 1-2% АСН(А! Оз} 


Up to 3% aluminium chlorohydrata 
{Atz 03 basic) 

оғ 30% lime with 30% copperas 

or 3—8% FECI3 


1% ACH 


10% lime, 10% copperas of 1% ҒЕСІ; 


Up to 10% lime if required 


in some instances no conditioning is 


1.5-2 
2-3 


1-2 


3-6 


required 0,2--1,5% polyelectrolyte (Fre- 


quently it is possible to decant large 
quantities of clarified water after 
conditioning and before filtration). 


1 пал polyelectrolyte or 10% lime 


1.5-3 
1.5-3 


0.5 


Solids 
feed 
WUWt 
(96) 


15—35 
15-35 


of 
an 


12-15 
up to 4 


up to 4 


0.5—1.5 


1-1.5 


0.5-3 


10—25 
0.5—1.5 


45 


Coke 
WUWt 
(9e) 


75—82 
73—80 


40—55 
35—50 


50—70 


30—45 


30—45 


40—55 


30—45 


25-35 


60—70 
35—45 


80 


Cake 


thickness 


(mm) 
25-40 
25-40 


25--32 
25—32 


32 
32 


25 


25 


25 


25-32 


19-25 


20--25 
25—32 


32 


Hemarks 


More than 80% below 
24085 mesh 


Proportion of surplus 
activ. sludge is 4096 
by weight 
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TABLE 11.17. Operating Data of Some Vacuum Filter Applications 











Application Type of vacuum Solids content Solids handling Moisure Air о» 

filter frequency of feed, wt/wt rate, kg dry content of m'h!m? Vacuum, 

used? solids h^! m7? cake, wt/wt filter surface | mmHg 

filter surface* 

Chemicals 
Alumina hydrate Top feed drum 40 450-750 15 90 125 
Barium nitrate Top feed drum 80 1250 5 450 250 
Barium sulphate Drum 40 50 30 18 500 
Bicarbonate of soda Drum 50 1750 12 540 300 
Calcium carbonate Drum 50 125 22 36 500 
Calcium carbonate (precipitated) Drum 30 150 40 36 550 
Calcium sulphate Tipping pan 35 600 30 90 450 
Caustic lime mud Drum 30 750 50 108 375 
Sodium hypochlorite Belt discharge drum 12 150 30 54 500 
Titanium dioxide Drum 30 125 40 36 500 
Zinc stearate Drum 5 25 65 54 500 
Minerals 
Frothed coal (coarse) Top feed drum 30 750 18 72 300 
Frothed coal (fine) Drum or disc 35 400 22 $4 375 
Frothed coal tailings Drum 40 200 30 36 550 
Copper concentrates Drum 50 300 10 36 525 
Lead concentrates Drum 70 1000 12 54 550 
Zinc concentrates Drum 70 750 10 36 500 
Flue dust (blast furnace) Drum 40 150 20 54 500 
Fluorspar Drum 50 1000 12 90 375 
Notes: 


4 The information given should only be used as a general guide, for slight differences in the nature, size range and concentration of solids, and in the nature and 
temperature of liquor in which they are suspended, can significantly affect the performance of any filter. 

? [t should not be assumed that the type of filter stated is the only suitable unit for each application. Other types may be suitable, and the ultimate selection will 
normally be a compromise based on consideration of many factors regarding the process and the design features of the filter. 

с The handling rate (in kg h*! m?) generally refers to dry solids except where specifically referred to as filtrate. 

4 The air volumes stated are measured at the operating vacuum (i.e. they refer to attenuated air). 


(Osborne, 1981). 


TABLE 11.18. Typical Performance Data of Rotary Vacuum Filters 





Vacuum Pump (9) 











Approximate Feed solids Filtration rate (9) 
Material particle size conc. м % kg/(m?) (hr) m3/(m?) (min) mmHg 
Disc filter 
Flotation coal 33-43%-200 mesh 22-26 300-600 1.5 500 
Copper concentrates 90%-200 mesh 60-70 250-450 0.5 500 
Magnetic concentrates 80-95%-325 mesh 55-65 1000-2000 2.5-3.0 600-650 
Coal refuse 35-50%-250 mesh 35-40 100-125 0.6 500 
Magnesium hydroxide 15 microns av. size 10-15 40-60 0.6 500 
Drum filter 
(1) Sugar cane rnud Limed for flocculation 7-18 by vol. 25-75 0.2 500 
СаСОз mud recausticising — 35-40 500-600 1.8-2 250-380 
(2) Corn starch 15-18 microns, av. size 32-42 110-150 9.9-1 560 
Sewage sludge 
Primary Flocculated 5-8 15-30 0.5 500 
Primary digested Flocculated 4-7 10-20 0.5 509 
(3) Leached uranium ore 50-60%-200 mesh 50-60 150—220 0.5- 500 
Flocculated 
Kraft pulp Long fibre 1-14 220-300 Barometric teg 
(4) Kaolin clay 98-75%-2 micron 25-35 30-75 0.5 600 
Belt drum filter 
(5) Sugar cane rnud Seperan flocculated 7-18 by vol. 90-250 0.2 500 
Sewage sludge 
Primary Flocculated 5-8 30-50 0.5 500 
Primary digested Flocculated 4-7 15-35 0.5 500 
Corn gluten Self flocculating 16-20 oz/U.S. gal 15-30 06 500 
Corn starch 15-18 microns, av. size 32-42 180—250 0.9-1 500 
(3) Gold cyanide ieached off 65%-200 mesh 50-60 300-600 0.5 500 
(3) Spent vegetable carbon 98%-325 mesh 100-130 gnvlitres 30-50 1.5 500 
Dextrose processing 
Stee! mill dust 20-40%-2 microns 40-50 170-300 0.6-1.2 500 
(3) Sodium hypochlorite Fine 12 150 0.9 500 
Top feed drum 
Iron ore concentrates 2-4%-200 mesh 35 6300-7300 15 150 
8 mesh top size 
(8) Sodium Chloride 5-10%-100 mesh 25-35 1000-1500 30 150 
Bone char 195-70 mesh 8-20 1200--1700 40 90 
(6) Ammonium sulphate 5-15%-35 mesh 35-40% by vol. 1000-1700 45-60 75 
ООО 
Titing pan filter 
(7) Gypsum from digested 40-50 micron av. 35-40 600-900 1.2-1.5 500 
phosphate rock 
(8) Leached cobalt residue --200 mesh 45-50 250 3 380 
(8) Alumina-silica gel catalyst — 12 270 0.9 500 
- 30-40 75--100 3.6 500 


(7) Pentaerythritol 


Notes: (1) Filtrate very dirty—must be recirculated back to clarifier—cake washed. 


(2) String discharge filter. 
(3) Cake washed. 
(4) Roller discharge drum filter. 


(5) Filtrate very clean—goes directly to evaporation—cake washed. 


(Data of Envirotech Corp.). 


(6) top feed filter drier. 
(7) Two or three stages of counter-current washing. 
(8) Three stages of counter-current washing. 


(9) Based on total filter area. 


TABLE 11.19. Data of Centrifugal Filters and Sedimentation Centrifuges (Purchas, 1977) 


(a) Operating Ranges of Main Types of Centrifugal Filters 


Automatically 


Automatically 


Minimum Solid 
Concentration 








Type of Discharged at Discharged at g-Factor in Feed [% by 

Centrifuge Continuous Full Speed Reduced Speed Range (£.) Volume (C,) 
Oscillating x 30-120 40 
Tumbler x 50-300 40 
Worm Screen x 500--3000 20 
Ривһег х 300-2000 30 
Peeler x x 300—1600 5 
Pendulum x 200-1200 5 











(Hultsch and Wilkesmann; Purchas, 1977). 
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Minimum 
Minimum Еау Maximum 
Possibility Particle Coefficient Retention 
of Washing Size, mm  (k)m/sec) Time (Sec) 
no 0.3 5x10 ^ 6 
no 0.2 2x10 ^ 6 
роог 0.06 1х1075 15 
good 0.08 5x10? 60 
very good 0.01 2x107 as wanted 
very good 0.005 1x107 as wanted 
(continued) 
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TABLE 11.19—(continued) 


(b) Criteria for Selection of Sedimentation Centrifuges 








Parameter Tubular Bowl Skimmer Pipe Disc Scroli 
Solids concentration. vol./vol. <1% up to about 40% up to about 20% any as long as it remains 
pumpable 
Particle size range processable for 2-50 ит 10 um-6 mm 1-400 um 5 um-6 mm 


density difference under 1 g/cc and 
liquor viscosity 1 cP 


Settling time of 1 litre under 1g Few hours to infinity 3 hr to days several hours i-1hr 

Settling time of 50 cc at 2000 g 5-15 min 1-5 min 5-10 min 1-5 min 

Approximation maximum throughput 5000 litre/hr 15,000 litre/hr 100,000 litre/hr 70,000 litre/hr 
for largest machine 

Approximate nominal throughput for 1250 litre/hr 12,000 litre/hr 40,000 litre/hr 30,000 litre/hr 
largest machine 

Nature of bottle spun solids Can be any consistency Must be fluid to Must not be too cohesive Preferably compact and 

pasty cohesive 

Batch or continuous Batch Semi Semi or continuous Continuous 

Floc applicable Possibly but not usual Yes No Yes 

g levels used Up to 18,000. 60,000 Up to 1600 4500-12,000 500-4000 

Laboratory model 
Maximum sigma value x 107 cm? 5 4 10 14 





(F.A. Records). 
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DISINTEGRATION, AGGLOMERATION, AND SIZE 
SEPARATION OF PARTICULATE SOLIDS 


rom the standpoint of chemical processing, size 
reduction of solids is most often performed to make 
them more reactive chemically or to permit recovery 
of valuable constituents. Common examples of 
comminution are of ores for separation of valuable minerals 
from gangue, of limestone and shale for the manufacture of 
cement, of coal for combustion and hydrogenation to liquid 
fuels, of cane and beets for recovery of sugar, of grains for 
recovery of oils and flour, of wood for the manufacture of 
paper, of some flora for recovery of natural drugs, and so on. 
Since the process of disintegration ordinarily is not highly 
selective with respect to size, the product usually requires 
separation into size ranges that are most suitable to their 
subsequent processing. Very smail sizes are necessary for 
some applications, but in other cases intermediate sizes are 
preferred, Thus the byproduct fines from the crushing of coa! 
are briquetted with pitch binder into 3—4—in. cubes when 
there is a demand for coal in lump form. Agglomeration in 
general is practiced when larger sizes are required for ease of 


12.1. SCREENING 


Separation of mixtures of particulate solids according to size may be 
accomplished with a series of screens with openings of standard 
sizes. Table 12.1 compares several such sets of standards. Sizes 
smaller than the 38um in these tables are determined by 
elutriation, microscopic examination, pressure drop measurements, 
and other indirect means. The distribution of sizes of a given 
mixture often is of importance. Some ways of recording such data 
are illustrated in Figure 16.4 and discussed in Section 16.2. 

The distribution of sizes of a product varies with the kind of 
disintegration equipment. Typical distribution curves in normalized 
form are presenied in Figure 12.1, where the size is given as a 
percentage of the maximum size normally made in that equipment. 
The more concave the curves, the greater the proportion of fine 
material. According to these correlations, for example. the 
percentages of material greater than 50% of the maximum size аге 
50% from rolls, 15% from tumbling mills, and only 5% from closed 
circuit conical ball mills. Generalization of these curves may have 
led to some loss of accuracy since the RRS plots of the data shown 
in Figure 12.1(c) deviate much more than normally from linearity. 

In order to handle large lumps, separators are made of sturdy 
parallel bars called grizzlies. Punched plates are used Юг 
intermediate sizes and woven screens for the smallest sizes. 
Screening is best performed dry, unless the feed is the product of 
wet grinding or is overly dusty and an equipment cover is not 
feasible. Wetting sometimes is used to prevent particles from 
sticking together. Types of screens and other classifiers to cover a 
range of sizes are shown in Figure 12.2. Usually some kind of 
movement of the stock or equipment is employed to facilitate the 
separations. 


REVOLVING SCREENS OR TROMMELS 


One type is shown in Figure 12.2(a). They are perforated cylinders 
rotating at 15-20 rpm, below the critical velocity. The different- 
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handling, or to reduce dust nuisances, or to densify the 
product for convenient storage or shipping, or to prepare 
products іп final form as tablets, granules, or prills. 
Comminution and size separation are characterized by 
the variety of equipment devised for them. Examples of the 
main types can be described here with a few case studies. 
For real, it is essential to consult manufacturers’ catalogs for 
details of construction, sizes, capacities, space, and power 
requirements. They are properly the textbooks for these 
operations, since there are few generalizations in this area for 
prediction of characteristics of equipment. À list of about 
90 0.5. and Canadian manufacturers of size separation 
equipment is given in the Encyclopedia of Chemical 
Technology [21, 137 (1983)], together with identification of 
nine equipment types. The Chemical Engineering Equipment 
Buyers Guide (McGraw-Hill, New York) and Chemical 
Engineering Catalog (Penton/Reinhold, New York) also 
provide listings of manufacturers according to kind of 
equipment. 





sized perforations may be in series as shown or they may be on 
concentric surfaces. They are suitable for wet or dry separation in 
the range of 60—10 mm. Vertically mounted centrifugal screens run 
at 60-80 rpm and are suitable for the range of 12-0.4 mm. 

Examples of performance are: (1) a screen 3 ft dia by 8 ft long 
with 5-mesh screen at 2 rpm and an inclination of 2? has a capacity 
of 600 cuft/hr of sand; (2) a screen 9 ft dia by 8 ft long at 10 rpm and 
an inclination of 7? can handle 4000 cuft/hr of coke. 

Flat screens are vibrated or shaken to force circulation of the 
bed of particles and to prevent binding of the openings by oversize 
particles. Usually several sizes are arranged vertically as in Figures 
12.2(b) and (c), but sometimes they are placed in line as in the 
cylindrical screen of Figure 12.2(a). Inclined screens vibrate at 
600--7000 strokes/min. They are applicable down to 38 um or so, 
but even down to 200 mesh at greatly reduced capacity. Horizontal 
screens have a vibration component in the horizintal direction to 
convey the material along; they operate in the range of 300-3000 
strokes/min. 

Shaking or reciprocating screens are inclined slightly. Speeds 
are in the range of 30—1000 strokes/min; the lower speeds are used 
for coal and nonmetallic minerals down to 12mm, and higher 
speeds may size down to 0.25 mm. The bouncing rubber balls of 
Figure 12.2(c) prevent permanent blinding of the perforations. 

Rotary sifters are of cither gyratory or reciprocating types. 
They operate at 500-600rpm and are used for sizes of 12mm- 
50 um, but have low capacity for fine sizes. 


CAPACITY OF SCREENS 


For coarse screening, the required area per unit of hourly rate may 
be taken off Figure 12.3. More elaborate calculation procedures 
that take into account smaller sizes and design features of the 
equipment appear in the following references: 


Mathews, Chem. Eng. 76 (10 July 1972) and presented in Chemical 
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TABLE 12.1. Comparison Table of United States, Tyler, Canadian, British, French, and German Standard Sieve Series 














1) 









*Standard Alternate Desde ion 
125 mm ” 
108 mm 4.24" 
100 mm 4* 
90 mm 354^ 
75 mm 3” 
63 mm 28” 
53 mm 2.12" 
60 mm 2” 
45 mm 15. 
37.6 mm 135“ 
31.5 mm 14” 
26.5 mm 1.06* 
25.0 mm 1” 
22.4 mm 14” 
19.0 mm X 
16.0 mm “” 
13.3 mm .530” 
12.6 mm М” 
11.2 mm ИГИ 
9.5 тга “” 9.5 
8.0 mm 54” 8.0 
6.7 mm .265" 6.7 
6.3 mm и” 6.3 
5.6 mm №. 314 5.6 
15 mm 4 4.76 
.00 mm 5 4.00 
.35 m 6 3.3 
7 
8 
10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
45 
50 
60 
70 
80 
100 
120 
140 
170 
200 
230 
270 
825 
38 um 400 
(1) U.S.A. Sieve Series—ASTM Specification Е-11-70 * These sieves correspond to those recommended by ISO (International 
(2) Tyler Standard Screen Scale Sieve Series. Standards Organization) as an International Standard and this 
(3) Canadian Standard Sieve Series 8-GP-1d. designation should be used when reporting sieve analysis intended 
(4) British Standards Institution, London BS-410-62. for international publication. 


(5) French Standard Specifications, AFNOR X-11-501. 
(6) German Standard Specification D1N 4188. 
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Figure 12.1. Normalized cumulative size distribution curves of comminuted products. (а) From various kinds of crushing equipment. (b) 


From rod and ball mills. (c) RRS plots of two curves (Taggart, 1951). 


Engineers’ Handbook, McGraw-Hill, New York, 1984, p. 
21.17. 

Kelly and Spottiswood, Introduction to Mineral Processing, 1982, p. 
193. 

V.K. Karra, Development of a model for predicting the screening 
performance of a vibrating screen, СІМ Bull. 72, 167-171 
(Apr. 1979). 


The last of these procedures is in the form of equations suitable for 
use on a computer. 


12.2. CLASSIFICATION WITH STREAMS OF AIR OR WATER 


Entrainment of particles with streams of air or water is particularly 
suitable for removal of small particles from mixtures. Complete 
distribution curves can be development by employing several stages 
operating at suitable conditions in series. 


AIR CLASSIFIERS 


Although screens of 150 mesh and finer are made, they are fragile 
and slow, so that it is often preferable to employ air elutriation to 
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Figure 12.2. Equipment for classifying particulate solids by size from more than 0.5 in. to less than 150 mesh. (a) Rotating cylinder (trommel) 
for sizing particles greater than 0.5 in., 2-10 rpm, 10-20? inclination. (b) Heavy duty vibrating screen, 1200-1800 vib/min (Tyler- Niagara, 
Combustion Engineering Inc.). (c) Three-product reciprocating flat screen, 500—600 rpm, with bouncing rubber balls to unbind the openings, 
dry products to 100 mesh (Rotex Inc.). (d) Air classifier for products less than 150 mesh. Feed enters at A, falls on the rotating plate B, fines 


are picked up by air suction fans C, transferred to zone D where they separate out and fall to the discharge, and air recirculates back to fans 
C (Sturtevant Mill Co.). (e) Dorr drag rake wet classifier. (f) Hydrocyclone. 
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Figure 12.2—(continued) 


remove fine particles. The equipment of Figure 12.2(d) employs a 
rotating plate that throws the particles into the air space from which 
the finer particles arc removed and subsequently recovered. 


WET CLASSIFIERS 


These are used to make two product size ranges, oversize and 
undersize, with some overlap. The break commonly is between 28 
and 200 mesh. А considerable variety of equipment of this nature is 
available, and some 15 kinds are described by Kelly and Spot- 
tiswood (1982, pp. 200—201). Two of the most important kinds, the 
drag rake classifier and the hydrocyclone, will be described here. 

The classifier of Figure 12.2(e) employs two set of rakes that 
aiternately raise, lower, and move the settled solids up the incline to 
the discharge. Movement of the rakes is sufficient to keep the finer 
particles in suspension and discharge them at the lower end. Моге 
construction detail of the Dorr classifier may be found in older 
books, for example, the 1950 edition of the Chemical Engineers 
Handbook (McGraw-Hill, New York). The stroke rate may be 
9/min when making separation at 200 mesh and up to 32/min for 28 
mesh rapid settling sands. Widths range from 1 to 20 ft, lengths to 
40 ft, capacity of 5-850 tons slurry/hr, loads from 0.5 to 150 HP. 
The solids content of the feed is not critical, and that of the 
overflow may be 2-20% or more. 

Hydrocyclones, also called hydroclones, employ self-generated 
mild centrifugal forces to separate the particles into groups of 
predominantly small and predominantly large ones. Because of 
bypassing, the split of sizes is not sharp. The characteristic diameter 
of the product is taken as dso, the diameter than which 50 wt % of 
the material is greater or less. The key elements of a hydrocyclone 
are identified on Figure 12.2(f). A typical commercial unit made by 
Krebs Engineers has an inlet area about 7% of the cross-sectional 
area between the vessel wall and the vortex finder, a vortex finder 
with diameter 35-40% that of the vessel, and an apex diameter not 
less than 25% that of the vortex finder. For such a unit, the 
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equation for the cut point is 


_ 13.2р9 ехр(—0.301 + 0.0945V — 0.00356? + 0.0000684V?) 
(АР) 205 — 1)95 





450 


(12.1) 
and the slurry flow rate is 


О-оЛ(АР) 2 (12.2) 
іп the units 450 um, vessel diameter D іп inches, V = vol % of solids 
in (һе feed, AP is the pressure drop in psi, 5 = specific gravity, and 
Q is the flow rate in gpm (Mular and Jull, in Mular and Bhappu 
1978, p. 397). Performance characteristics of one line of commercial 
hydrocyclones are shown in Figure 12.3(b). Comparison of the chart 
and equations is made in Example 12.1. 

Hydrocyclones are small and inexpensive separators for 
handling feeds up to about 600 cuft/min and removing particles in 
the range of 300-5 um from dilute suspensions. Large diameters 
(up to about 24 іп.) have greater volumetric capacity but also a 
greater cutpoint on particle diameter. Series and parallel 
arrangements may be made for any desired compromise between 
these quantities. In comparison with drag rake classifiers, 
hydrocylones are smaller, cost about the same to operate but have 
lower costs for capital and installation. They are preferred in closed 
circuit grinding. 


12.3. SIZE REDUCTION 


Crushing is applied to large Іитрѕ of feed stock and grinding to 
smaller lumps, often the products of crushing, but the size 
distinction is not overly sharp. The process of size reduction results 
in a range of product sizes whose proper description is with the 
complete cumulative size distribution, but for convenience a 
characteristic diameter corresponding to 80% pass in the cumulative 
distribution curve is commonly quoted. 

Some devices employ impact (hammers) and others employ 
crushing by nipping (rolls or jaws). Within limits, kinetic energy and 
dimensions of crushing elements can be selected to give a desired 
reduction ratio. Because of the deformability of solid materials, 
however, a theoretical limit does exist to the size of particles that 
can be crushed. These limits are 1 um for quartz and 3-5 um for 
limestone. The products of crushing these sizes, of course, can be 
very much smaller, so that really there is no practical lower limit to 
grinding. 

In practical operations, only about 1% of the input energy to 
the mill appears as new surface energy of the product. Nevertheless, 
empirical relations for power consumption based on the extent of 
size reduction have been developed. One such relation is 

W -10W(1/Vd — 1/Vd;, kWh/ton, (12.3) 
where d and d; are the final and initial diameters (ит) cor- 
responding to 8096 cumulative passing. The work index W, is related 
to the crushing strength of the material; typical values appear in 
Table 12.2. Example 12.2 compares a result from this formula with 
direct data from a manufacturer's catalog. 

Characteristics of the main common types of size reduction 
equipment are listed in Table 12.3, including size of feed, size of 
product, capacity, power consumption, and average reduction ratio. 
Coarse comminuters perform with reduction ratios less than 10, fine 
ones with ratios of 100 or more. From very large to very fine may 
require several operations in series, as in the flowsketch of Figure 
12.4(b), where three stages of crushing and two of classification are 
shown. 
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Figure 12.3, Performances of screens and hydrocyclones. (a) Capacities of screens for various products (Denver Equipment 
Co.). (b) Capacity, separation range and pressure drop of hydrocyclones (Krebs Engineers). Example: A 380 mm dia 
vessel has a separation range of 50-110 ит, and can handle between 200 and 450 gpm at a pressure drop of 7.5 psi. 


Toughness, hardness, and temperature sensitivity are some of 
the properties that influence choice of equipment and operating 
conditions. Fibrous materials require cutting rather than crushing 
action. Temperature-sensitive materials such as plastics and rubber 
need to be cooled with ambient or refrigerated air. Cryogenic 
processing that involves immersion of the material in liquid nitrogen 
is employed even for such prosaic materials as scrap automobiles 


and rubber tires; the low temperatures enhance brittleness and 
result in lowered power consumptions. 

The kinds of equipment used for certain materials are identified 
in Table 12.4. Usually several kinds are more or less equally suited. 
Then the choice may be arbitrary and based on expericnce or on 
marginal considerations. Table 12.5 presents a broader range of 
materials that are being ground in four of the principal kinds of fine 
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EXAMPLE 12.1 

Sizing a Hydrocycione 
A hydrocyclone assembly is required to handle 10,000 gpm of 
slurries of a solid with specific gravity 2.9 with a cutoff point of 
dso = 100 um. The allowable pressure is AP = 5 psi. Several slurry 
concentrations V will be examined. Substituting into Eq. (12.1), 
with z the function of V in parentheses, 


13.209 65e: 
100--53| 995”, 


whence 
D = (16.92/e7)' 815. 
The corresponding capacity of one hydrocyclone is 


Q =0.7(5)°5Р?. 


grinders. Performances of attrition, cutter and jet mills with some 
materials are given with Table 12.7. Additional operating data 
arranged by material are referred to in Table 12.10. 

Closed circuit grinding employs a means whereby only material 
smaller than a specified size appears іп the product. А less precise 
mode of operation employs an air stream through the equipment at 
such a rate that only the appropriately fine material is withdrawn 
and the rest remains until it is crushed to size. Ball mills sometimes 
are operated in this fashion, and also the ring-roller mill of Figure 
12.4(a). For closer size control, all of the crushed material is 
withdrawn as it is formed and classified externally into product and 
recycle. The other examples of Figure 12.4 illustrate several such 
schemes. 

Wet grinding with water is practiced when dusting is a problem, 
or when subsequent processing is to be done wet, as of ores that are 
later subjected to separation by flotation or sink-float processes. 
Removal of a siurry from a ball mill is easier than of dry material; 
there are cases where this advantage is controlling. Because of the 
lubricating effect of the water, power consumption of wet milling is 
less per ton, but this advantage may be outweighed by corrosion of 
the equipment. 


12.4. EQUIPMENT FOR SIZE REDUCTION 


Some of the many available kinds of size reduction equipment can 
be described herc. Manufacturers' catalogs have the most complete 
descriptions of the equipment and almost always provide typical or 
expected performance data. Useful compilations of such informa- 
Чоп are by Taggart (1945) and the Chemical Engineers Handbook 
(1984, Section 8, as well as older editions). 


CRUSHERS 


Lumps as large as several feet in diameter are crushed in gyratory 
or jaw crushers. Figure 12.5(a) shows a type of crusher that is made 
in widths from about 5 to 70іп. and with gaps from 4 to 60 in. 
Stroke rates vary from 300 to 100/min. The average feed is 
subjected to 8-10 strokes before it becomes small enough to escape. 
Тһе jaw crusher is suited to hard, abrasive, and also sticky feeds; it 
makes minimum fines but the product may be slabby because of the 
long, narrow exit. Gyratory crushers are more suited to slabby feeds 
and make a more rounded product. 


The results are tabulated following at several values of V: 


D 
No. Units 
и e м mm 0 in Parallel 
5 1.0953 57.7 1466 5214 2 
10 1.4282 39.0 989 2375 4 


20 2.0385 23.0 584 828 12 
30 3.2440 116 293 209 48 


From Figure 12.3(b), with 5 psi а 660 mm unit will handle 1000 gpm 
and have a cutoff between 50 and 150 um. This corresponds to the 
calculated data with V about 19 vol %. For a more detailed study of 
hydrocyclone sizing, the article of Mular and Jull (in Mular and 
Bhappu, 1980, pp. 376—403) may be consulted. The pressure drop 
can be adjusted to compensate for changes in slurry concentration. 


ROLL CRUSHERS 


Toothed rolls such as those of Table 12.8(b) can handle rela- 
tively large Jumps, for example, 14in. maximum with 24 in. rolls 
according to the table. To smooth rolls, the feed size is limited by 
the angle of nip which depends on the surface conditions but often 
is approximately 16% or агссоз 0.961. Accordingly the relation 
between the diameters of the roll d, and feed d, and the gap do 
between the rolls is given by 


d, = (0.9614, — d,)/0.039. (12.4) 
For example, with d, = Lin. and d, — 0.25 in., the roll diameter is 
figured as 18 in. Table 12.8(b) lists 16 in. as the smallest size suitable 
for this service, which appears to be somewhat marginal in 
comparison with the calculated result. According to the formula, 
lin. lumps could be nipped by 16 in. rolls with a spacing of 0.34 in. 
It is not possible to state who is smarter, the formula or the 
manufacturer. 

Figure 12.5(b) shows a smooth roll assembly. Usually only one 
of the rolls is driven and one is spring mounted to prevent damage 
by uncrushable material in the feed. Reduction ratios shown in 
Table 12.8(с) range only between 2:1 and 4:1. The proportion of 
fines is comparatively small. Sets of rolls in series with decreasing 
settings are used to achieve overall high reduction ratios. The rolls 
of a pair can be driven at the same or different speeds, within a 
range of 50-900 rpm. The capacity generally is about 25% of the 
maximum corresponding to a continuous ribbon of material passing 
between the rolls. A sample listing of materials that are ground in 
roll mills is in Table 12.5(a). In the arrangement of Figure 12.4(c), 
the upper pair of rolls is the primary crusher whereas the lower pair 
works on recycle of the oversize. 

Hammer mills employ rotating elements that beat the material 
until it is small enough to fall through the screen at the bottom of 
the casing. Product size is determined by the speed of the hammers 
and the size of the screen openings. Table 12.9(a) shows the former 
effect. The units of this table operate at speeds up to 900 rpm and 
make size reductions of 40:1 or so. The smaller units of Table 
12.9(b) operate at speeds to 16,000rpm and make very fine 
powders. Because of the heating effect, they often are operated 
with a stream of ambient or refrigerated air for cooling. Under 
these conditions even heat softening materials such as natural resins 
or chicle can be ground satisfactorily. Hammer mills are the 
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TABLE 12.2. Typical Values of the Work Index W, kWh/ton, 








of Eq. (12.3) 
Work Work 
Index Index 
Material Ww Material W, 

All materials tested 13.81 Kyanite 18.87 
Andesite 22.13 Lead ore 11.40 
Barite 6.24 Lead-zinc ore 11.35 
Basalt 20.41 Limestone 11.61 
Bauxite 9.45 Limestone for cement 10.18 
Cement clinker 13.49 Manganese ore 12.46 
Cement raw material 10.57 Magnesite, dead burned 16.80 
Chrome ore 9.60 Mica 134.50 
Clay 7.10 Molybdenum 12.97 
Clay, calcined 1.43 Nickel ore 11.88 
Соа! 11,37 Oil shale 18.10 
Coke 20.70 Phosphate fertilizer 13.03 
Coke, fluid petroleum 38.60 Phosphate rock 10.13 
Coke, petroleum 73.80 Potash ore 8.88 
Copper ore 13.13 Potash salt 8.23 
Coral 10.16 Pumice 11.93 
Diorite 19.40 Pyrite ore 8.90 
Dolomite 11.31 Pyrrhotite ore 9.57 
Emery 58.18 Quartzite 12.18 
Feldspar 11.67 Quartz 12.77 
Ferro-chrome 8.87 Rutile ore 12.12 
Ferro-manganese 7.77 Sandstone 11.53 
Ferro-silicon 12.83 Shale 16.40 
Flint 26.16 Silica 13.53 
Fluorspar 9.76 Silica sand 16.46 
Gabbro 18.45 Silicon carbide 26.17 
Galena 10.19 Silver ore 17.30 
Garnet 12.37 Sinter 8.77 
Glass 3.08 Slag 15.76 
Gneiss 20.13 Slag, iron blast furnace 12.16 
Gold ore 14.83 Slate 13.83 
Granite 14.39 Sodium silicate 13.00 
Graphite 45.03 Spodumene ore 13.70 
Gravel 25.17 Syenite 14.90 
Gypsum rock 8.16 Tile 15.53 
IImenite 13.11 Тіп оге 10.81 
Iron ore 15.44 Titanium ore 11.88 
Hematite 12.68 Trap rock 21.10 
Hematite—Specular 15.40 Uranium ore 17.93 
Oolitic 11.33 Zinc ore 12.42 

Limanite 8.45 

Magnetite 10.21 

Taconite 14.87 


(Е.С. Bond, Bri. Chem. Eng. 6, 378-385, 543-548 (196171. 





EXAMPLE 12.2 

Power Requirement for Grinding 
Cement clinker is to be reduced from an initial 4 = 1500 um to a 
final dg) of 75 um. From Table 12.2 the work index is И, = 13.49. 
Substituting into Eq. (12.3), 


W = 10(13.49)(1/V75 — 1/ V1500) = 12.1 kW/(ton/hr). 
According to Table 12.7(b), a 3 ft x 24 in. ball mill requires 10 HP 


for a rate of 0.5 tons/hr, or 14.9 kW/(ton/hr), a rough check of the 
result from the equation. 





principal equipment for cryogenic processing when products of 
50-100 mesh are adequate. Scrap automobiles and rubber tires are 
chilled with liquid nitrogen and are thereby made highly brittle to 
facilitate grinding. Nitrogen consumption runs about 0.25 kg/kg 
steel and up to 0.65 kg/kg rubber [Biddulph, Chem. Eng., (11 Feb. 
1980)]. 

This equipment is particularly suited to crushing of soft, friable 
materials to cube-shaped products with small proportions of fines. 
For fibrous materials, the screen is provided with cutting edges. 
Some data are in Table 12.7(c). А list of materials that are handled 
in hammer mills is in Table 12.5(a), and other products are referred 
to in Table 12.10. 

Tumbling mills consist of vessels rotating about the horizontal 
and charged with a mass of relatively small elements that tumble 
and crush the process material as they fall. Their function may be to 
mix as well as grind, in batch or continuous operation, in open or 
closed circuit. Figure 12.4(d) shows a closed circuit arrangement 
with a ball mill. The crushing elements most commonly are steel 
balls of several sizes, or ceramic pebbles, or rods the length of the 
shell, or a range of sizes of the process material that is thus made to 
grind itself. In processing of minerals, tumbling mills often operate 
wet with slurries of about 80% solids, just thin enough to permit 
flow in and out of the equipment. 

The mode in which the material grinds itself is called auto- 
genous grinding. Such operation can achieve size reduction from 
25 cm to 0.1 mm in one step. Autogeneous mills operate at 80-85% 
of the critical speed, which is the speed at which the grinding media 
are thrown to the wall and cling to it. They are desirable for mineral 
treatment since they release the mineral content without 
overgrinding which could complicate a subsequent flotation process, 
for instance. Materials for which the process is used are friable and 
grainy, such as silica rock, asbestos, basic slag, bauxite, cement 
clinker, dolomite, ferrosilicon, limestone, specular hematite, and 
taconite. In comparison with ball milling, steel consumption is 
largely eliminated but energy costs are greater by between 25 and 
100% because of lower impacting forces with low density materials. 

Rod mills [Fig. 12.5(f)] are capable of taking fecd as large as 
50 mm and reducing it to 300 mesh, but ordinarily the cutoff point is 
larger. The performance data of Table 12.6(е) shows a product 
range from 8 to 65 mesh. Rods in use range from 25-150 mm dia; 
smaller ones tend to bend and break. The ratio of rod length to 
vessel diameter is kept in the range of 1.4—1.6. Ratios below 1.25 
tend to result in tangling. Maximum usable rod length is about 6 m; 
above this they tend to bend. About 45% of the bulk volume of the 
mill is occupied by rods. Rotation is at 50-65% of critical speed. 
Rod consumption normally is in the range of 0.1—1.0 kg steel/ton of 
ore for wet grinding, and about 10-20% less for dry grinding. 
Because the coarse feed tends to spread the rods at the feed end, 
grinding takes place preferentially on the large particles and results 
in a product of relatively narrow size range. Accordingly, rod mills 
are nearly always run in open circuit. 

Ball mills serve as a final stage of comminution. Balls have a 
greater ratio of surface area to weight than rods so they are better 
suited to fine grinding. The length to diameter ratio ranges from less 
than 1 to about 1.5. Rotation speed is greater than that of rod mills, 
being 70-80% of critical. Mills that are subjected to vibration can 
operate above the critical speed. The bulk volume of balls is about 
50% of thc mill volume. 

The Denver ball mills for which operating data are shown in 
Table 12.6(a) normally are charged with equal weights of 2-, 3-, and 
4-in. balls; or for finer grinding, with equal weights of 1.5-, 2-, and 
3-in. balls. Figure 12.5(d) is of the widely used conical shape of mill 
in which a range of sizes of balls group themselves axially during 
operation. The balls range from 5in. down, the large ones for 
crushing the large lumps and the small ones acting on the small 
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TABLE 12.3. Operating Ranges for Commonly Used Size Reduction Equipment 


Size of 
Size of Feed Product 
Equipment (mm) (mm) 
Gyratory crushers 200-2000 25-250 
Jaw crushers 100—1000 25-100 
Cone crushers 50-300 5-50 
Impact breakers 50-300 1-10 
Rod mills 5-20 0.5-2 
Ball mills 1-10 0.01-0.1 
Hammer mills 5-30 0.01—0.1 
Jet mills 1-10 0.003-0.05 


lumps. The performance data of Table 12.6(b) are for wet grinding; 
dry grinding capacities are 10-20% less. Segregation of balls by size 
also is achieved in cylindrical shapes with spiral twists in the liner 
profile (Trelleborg AB). 

Tube mill is the term applied to a mill of uniform diameter with 
greater ratio of length to diameter, in the range of 4—5. Because of 
the greater length, and correspondingly greater residence time, a 
finer product can be obtained. Figure 12.5(e) shows a tube mill with 
three compartments. 

Pebble mills are single compartment tube mills with ceramic 
balls as the grinding medium. They are used when contamination 
with iron must be avoided, as for grinding and mixing of light 
colored pigments, food products, and pharmaceuticals. Since the 
grinding rate is roughly proportional to the weight of the balls, the 
grinding rate with pebbles is only about 1/3 that with steel balls of 
the same volume. This is clear from the data of Table 12.6(b). The 
batch operating data of Table 12.6(c) are for grinding sand of 


TABLE 12.4. Size Reduction Equipment Commonly Used in 
the Chemical Process Industries 





Material 


Asbestos and mica 
Cement 


Clays 
Coal 


Coke 

Colors and pigments 

Cosmetics and 
pharmaceuticals 

Cotton and leatrer 

Flour and feed meal 

Graphite 

Hard rubber 

Lime and Shells 

Metallic minerals 

Paper and plastics 

Phosphates 

Polymers 

Pressed cakes 

Refractories 

Salts 

Soaps 

Starch 

Stone and aggregate 

Sulfur 

Talc and soapstones 


Equipment 


roll crushers, hammer, and jet mills 

gyratory, jaw and rol! crushers, roller, and ball 
mills 

pan crushers, ring-rollers, and bead mills 

roll crushers, pulverizers, ball, ring-roller, and 
bowl mills 

rod, ball, and ring-roller mills 

hammer, jet, and ring-roller mills 

dispersion and colloid mills 


rotary cutters 

roller, attrition, hammer, and pin mills 

ball, tub, ring-roller, and jet mills 

roller mills 

hammer and ring-roller mills 

gyratory and jaw crushers, tumbling mills 
cutters and slitters 

ball and ring-roller mills 

pulverizers, attrition mills 

hammer and attrition mills 

gyratory and jaw crushers, pan and bal! mills 
cage and hammer mills 

hammer, multicage, and screen mills 
hammer and pin mills 

gyratory, jaw, and roll crushers 

ring-roller mills 

го!! crushers, ring-roller, pebble, and jet mills 


Power 
Reduction Capacity Consumption 
Ratio (tons /hr} (kw) 
8 100-500 100-700 
8 10-1000 5—200 
8 10—1000 20-259 
40 10-1000 100-2000 
10 20-500 100-4000 
100 10-300 50-5000 
400 0.1-5 1-100 
300 0.1-2 2-100 


density 100 Ib/cuft with a charge of 50 vol % of pebbles or 33 vol 96 
of steel balls. The obvious advantage of batch grinding is that any 
degree of fineness can be obtained by allowing sufficient time. 

Roller mills [Figs. 12.4(а) and 12.6(0)]. Such equipment 
employs cylindrical or tapered surfaces that roll along flatter 
surfaces and crush nipped particles. In the ring-roller mill of Figure 
12.4(a), spring-loaded rolls are forced against a rotating ring and 
crush the material that is thrown between them with ploughs. In 
another design the ring is stationary, and the assembly of rolls is 
rotated and maintained in contact with the ring by centrifugal force. 
The unit shown is equipped with built-in air classification: as fines 
are formed, they are removed with an air stream. For closer control 
of size distribution, ring-roller mills often are operated with external 
air classification similar to the process of Figure 12.4(d). The 
performance data of Table 12.6(c) are for products ranging from 20 
to 200 mesh, with appropriate control of air rates. Ring roller mills 
are used widely for grinding of materials from coal to hard rock and 
cement clinker; some applications are cited in Tables 12.5(b) and 
12.10. 

Some special equipment is shown in Figure 12.6. 


a. Gyratory crusher was described earlier. The sketch shows the 

cone-shaped element rotating in a tapered passage. Gyratories 

are made to handle even larger lumps than jaw crushers. Very 
large lumps are broken first by explosives or pneumatic hammers 
before feeding to crushers. 

The squirrel-cage disintegrator illustrated has four concentric 

cages with horizontal impact bars. The cages rotate in alternately 

opposite directions, strike the feed and disintegrate or tear it 
apart. Coal, other friable materials, and fibrous materials are 
handled in this equipment. 

c. Disc-type attrition mills have surfaces that rotate past each other 

with close clearance and high speed, usually in opposite 

directions but sometimes in the same direction at different 
speeds. Clearances are adjustable with spring loading in 

increments of 0.001in. Maximum feed sizes are 10—25 mm, 

diameters 12-48 in., and speeds 1200—7000 rpm. Table 12.5(b) is 

a list of materials that have been ground in disc mills. Some data 

are in Table 12.7(b). 

Colloid mills are used to grind and disperse solids in liquids and 

to prepare emulsions. Adjustable clearances are between 0.001 

and 0.050 in., and peripheral speeds to 10,000 ft/min. They are 

used, for example, to make lubricating greases by dispersion of 
calcium stearate in hydrocarbon oils. 

e. Buhrstone mills are an ancient example of an attrition mill. 
Nowadays they are used mostly for fine grinding of paints, inks, 
and pharmaceuticals. 

f. Roller mills, also called spindle mills, act by crushing nipped 
materials between a rotating cylindrical or tapered surface and a 


ғ 
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TABLE 12.5. Materials that Have Been Ground in Particular Kinds of Mills 


(a) Crusher Rolls 
ammonium nitrate 
asbestos 

barley malt 
bauxite 

beet pulp 

bone 

casein 

catalyst beads 
cereals 

charcoal 

cheese 
chemicals 

coal 

cocoa cakes 
coconut shells 
coffee 

cork 

corn 

corn cobs 

corn meal 
cottonseed 
cracker meal 
crackings 
crimping grains 
dog food cakes 
DDT 

dolomite lime 
dried biscuits 
dried арріе pulp 


(b) Disc Attrition Mills 
alloy powders 
alum 

aluminum chips 
apples, dried 
asbestos 

bark 

borax 

brake lining scrap 
brass chips 
caustic soda 
cereals 

chalk 

charcoal 
chemical salts 
chips 

cloves 

cocoa 

coconut shells 
copper powders 
copra 

cork 

corn 

cottonseed and hulls 
drugs 

dye stuffs 

egg shells 
feathers 
fertilizers 

fish meal 

glue 


(c) Roller Mills 
alum 
barytes 


feedstuffs 

flaxseed 

floor tile 

flour 

fuller’s earth 

glue 

grains 

gun powder 
insulating materials 
iron oxide 

lumpy chemicals and flour 
Magnesium oxide 
malt 

malted milk 

meat scraps 
mustard seed 

oll bearing seeds 
pelletized feeds 
pepper 
pharamaceuticals 
plastics 

reclaim rubber 
resin 

salt 

soy beans 

spices 

sponge iron 

starch 

uranium concentrates 


gum arabic 
hops 

leather 

metal powder 
mica 

nuts and shells 
oil cake 

paris green 
peanuts and hulls 
pepper 
phosphates 
plaster 

potash 
potatoes 
pumice 

rice and hulis 
roots 

rosin 

rubber 
sawdust 

salt 

suds 

soy beans 
spices 

starch 
shavings 
tankage 
tobacco stems 
wood pulp 


hematite 
insecticide roots 


bentonite 

clay 

cement clinker 
chalk 

cocoa 

DDT 

dolomite 
feldspar 
graphite 
gypsum 


(4) Hammer Mills 
aluminum tristearate 
animal glue 
antioxidants 
asbestos 

asphalt 

aspirin 

bagasse 

barley 

bentonite, dried 
bone char 

brewer’s yeast 
calcium carbonate 
calcium phosphate 
carbon black 
cellulose acetate 
cinnamon 

clay 

coal 

cocoa cake 
cocoa-sugar mixtures 
coconut shells 

corn meal 
cottonseed cake 
diatomaceous earth 
dyestuffs 

etching powder 
ginger 


(e) Fluid Jet Mills 
aluminum 
aluminum oxide 
antibiotics 
asbestos 
barytes 

benzene hexachloride 
carbon 
carborundum 
coal 

cocoa 

cryolite 

DDT 

dieldrin 

fatty acids 
feldspar 
ferrochrome 
frits 

fuller's earth 
graphite 

iron oxide 

lead oxide 

mica 





(After Mead, “Encyclopedia of Chemical Process Equipment,” Reinhold, N.Y., 1964.) 


kaolin 

lime 

limestone 

mica 

phosphate rock 
resins 

soy bean cake 
sulfur 

talc 

titanium dioxide 


graphite 

guar gum 
gum acacia 
gypsum 

irish moss 
lactose 

lead, red 
licorice root 
lime, hydrated 
mica 

milo grain 
oats, rolled 
oyster shells 
pentaerythritol 
perlite 
pigments 
plastic molding compounds 
potato flour 
pyrethrum 
saccharin 
sage 

soya flour 
sugar 

talc 

tobacco stems 
vermiculite 


molybdenum disulfide 
nephelene syenite 
phenolics 

PVC 

pyrethrum 
resins 

rotenone 

salts 

shellacs 

silica gel 

silicon 

silicon carbide 
sugar 

sulfa drugs 
sulfur 

talc 

titanium dioxide 
toluidine red 
vanilla beans 
vitamins 

waxes 

yeast 


Feed Coarse 
frecycle 
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Figure 12.4. Ciosed-circuit grinding processes, in which coarse products are captured and recirculated until they are brought down to size. (a) 
Ring-roller mill (Raymond) with built-in air classification; crushing action is by rotating vertical rolls acting on a revolving bowl ring. (b) 
Flowsketch of closed-circuit grinding with three stages of grinding and two of classifying (McCabe and Smith, Unit Operations, McGraw-Hill, 
New York, 1976). (c) A two-pair high roller mill (Schutz-O'Neil Co.); recycle is reground in the lower rolls; Table 12.5(c) lists materials 
ground by this equipment. (d) A Hardinge conical ball mill in a closed circuit with an air classifier and dust collectors (Hardinge Co.). 
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INS лиру РУР ЛАКА ЖУУИ 







mm 
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(с) 





(е) 


Flywheel 





Discharge 


(b) 


Comparative 
peripheral | вю рт 400 fpm 250 fpm 
speeds 






Comparative 5-in. ball 35&- in. ball 255 - in. ball 
relation of crushing crushing crushing 
size of balls | 2-in. material l-in, material %-іп. material 
to material = 15.6:1 =43:1 =125:1 
(d) 


Trunnion 


Peripheral discharge discharge 


when required 


(Pn 


Figure 12.5. Jaw, roll, impact, and tumbling equipment for size reduction. (a) Blake-type jaw crusher operates at 200—300 strokes/min 
(Allis- Chalmers Co.). (b) Smooth roll crusher, for which operating data are in Table 12.8(b). (с) Swing hammer mill; operating data in Table 
12.7(a). (d) View of a conical ball mill, showing distributions of balls and material and crushing ranges; data in Table 12.6(b) (Hardinge Co.). 
(e) Tube mill with three compartments, length to diameter ratio 3-5. (f) Rod mill in a cylindrical tumbler, L/D — 1.2-1.6; data ín Table 


12.6(d). 
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TABLE 12.6. Performance of Ball, Pebble, and Rod Mills in Continuous and Batch Modes 
(a) Capacities of Some Straight-Sided Ball Milis on Quartz to Various Meshes 


ШЕ --Сарасіу (tons per 24 hra) Medium-hard Quarta- — — Morsepower——. 
2-іһ to l-in to Мп to апо =! 4-in to Rpm To of 
Dia. X l4 ‘ate (ft) 35 mesh 48 mesh 65 mesh 100 mesh 200 mesh Mill Run Motor 
3x 2 15 11 9 6 33 71% 10 
3x 3 20 16 14 9 33 10 15 
зх 4 25 21 19 12 7 83 12 15 
3x 6 45 31 29 18 9 33 1714 20 
3x 9 50 46 44 27 13 33 24 25 
4x 3 42 34 30 22 12 28 17 20 
4х5 63 55 50 31 16 28 28 30 
4x10 116 108 103 62 26 28 49 50 
5x 3 7T 63 55 40 22 26 34 10 
5x 6 130 116 110 67 33 26 57 60 
5x12 250 236 224 136 54 26 103 125 


(Denver Equipment Co.). 


fb) Hardinge Conical Ball Mills in Continuous Wet Grinding; Dry Grinding Rates Are 10-20% 





Less 
Capacity (tons per 24 hrs) 

——-Weight оҒ--- Weight of Balls Motor  ll;-into  !;-into }4-into98% 

Size Mill Lining Maximum (lbs) Врт® (max. hp) 10 mesh 100 mesh —325 mesh 
3'x24" 3,050 2,400 2,400 39.8 10 32 12 4 
5' x 22" 10,200 8,000 8,300 80.4 40 140 49 19 
6” x 36" 17,100 11,700 17,500 27.7 75 282 97 38 
8' x48" 29,000 23,000 43,500 23.8 200 820 274 108 


10' X 66” 50,600 35,000 83,500 21.2 450 1,900 632 249 


{Hardinge Со... 


іс) Hardinge Сопіса! Pebble Mills т Continuous Wet Grinding; Dry Grinding Rates Are 
10-20% Less 


Capacity (tons per 24 hrs) — 


Weight | of —-- Weight of Balls Motor 1}¢-into  Lj-in to -in to 98% 
Size Mill Lining Maximum (lbs) Rpm* (шах. hp) 10 mesh 100 mesh ^T 325 mesh 
3'x24" 3,000 1,300 700 40.4 5 15 5.5 2.1 
5' x22" 9,600 4,000 2,300 31.2 15 54 19 7.5 
6' Х 36” 16,500 6,500 4,800 28.2 30 117 42 17 
8' x 48" 19,400 12,300 12,700 24.1 75 326 117 45 
10' x 66" 35,900 16,800 25,500 21.4 150 675 242 95 


{Нагатоде Co.). 


(d) Pebble and Balls Mills for Batch Grinding of Sand of 100 Ib/cuft; 
Pebble Charge 50 vol %, Steel Ball Charge 33 vol % 














Pebble Millsa—— Ball Mills- 
Capacity, 
LD. of Capacity, Dry Dr 
Mill Steel Grinding (lbs) Approx. Grinding | 
BIZA 24 оа” Pan Poe ра 188 r^ (e) Performance of Marcy Rod Mills 
” 
816С 24 x 36" 164 145 40 280 36 | Rod | ню i Capacity, tona/24 br. 
6 А 30X36” 273 245 86 мо 32 Bise, ft. | charge, | ршщ , ; о. 
5 36 X 42” 440 440 32 740 29 Tx 4| 09 4 6 
46 42X48” 720 720 29 1152 27 3281 Ma 
2 A 60x60" 1916 1890 19 2936 17 х n Ai 213 
1 А 72x 72" 3456 3410 16 5076 14 7x15 | 411 | 225-25 
1 C 72X120” 5900 5850 16 8460 14 вх B4 | Bk 





(Mine and Smeiter Division, Kennedy Van Saun Co). 
(Paul Abbe Co.). 


TABLE 12.7. Some Other Kinds of Disintegrators 
(a) Ring Roller Mills to Make Down to 100 Mesh 


Barytes, 8 to 10 tons/hr to 40 mesh 
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Gannister, 10 to 12 tons/hr to 14 mesh 


Coal, 5 to 6 tons/hr to 40 mesh 
Coke (96 hour) 8i to 4 tons/hr to 20 


Fire clay, 8 to 11 tons/hr 

Florida pebble, 7 t. to 85%—60 mesh 

Florida pebble, 3t. to 95%—100 mesh 
The No. 2 mill has 50 per cent larger capacities 


Iron borings, 8 to 10 tons/hr to 20 mesh 
Limestone, 8 to 12 tons/hr to 20 mesh 
mesh Limestone, 3 to 4 tons/hr to 85%—200 mesh 
Manganese, 2 to 4 tons/hr to 80 mesh 
Marble, 3 to 4tons/hr to 95%—100 mesh 
Oyster shells, 4 to 5 tons/hr to 60 mesh 


The No. 0 capacity is approximately 35 per cent of the figures for No. 13 in this table. 


Size of feed: 1" to 12". 


DIMENSIONS AND SPEEDS FOR STURTEVANT RING Rott Mitts 


Ring Rolls 
Size Diam. x Face Diam. x Face 
NO. 0 27” 14"x 7" 
No. 13 49x 8 16" x 101" 
18" x 14" 


Ring Speed 


Мо. 2 44" x 14" 


(Sturtevant Mill Co.). 
(b) Attrition Mills for Tough Organic Materials 


Capacity 


Material 


Alkali cellulose 
Asbestos 
Bagasse 
Bronze chips 
Carnauba wax 


Cast-iron borings 
Cast-iron turnings 
Cocoanut shells 


Cork 


Corn cobs 
Cotton seed oil 
and solvent 

Mica 


Oil-seed cakes 
(hydraulic) 

Oil-seed residue 
(screw press) 

Oil-seed residue 
(solvent) 

Rags 

Ramie 

Sodium sulfate 

Sulfite pulp sheet 

Wood flour 

Wood rosin 


Size-reduction details 


Shredding for xanthation 

Fluffing and shredding 

Shredding 

iin. to No. 100 sieve size 

No. 4 sieve to 6596 « No. 60 

sieve 

in. to No. 100 sieve 

гіп. to No. 100 sieve 

2x2xiin.to 5/100 sieve 

5/100 sieve to 4396 « No. 200 
sieve 

2/20+ sieve to 20/120 < No. 
200 sieve 

1in. to No. 10 sieve 

Oil release from 10/200 sieve 
product 

4х4х 2 in. to 3/60 sieve 

8/60 to 7596 « 60/200 sieve 

1-1 in. to Мо. 16 sieve 


ABA 


1 in. to No. 16 sieve size 
i in. to No. 16 sieve 


Shredding for paper stock 
Shredding 

35/200 sieve to 80/325 sieve 
Fluffing for acetylation, etc. 
10/50 sieve to 3596 < 100 sieve 


Horsepower 
8to 15 
45 to 50 
75 
Unit* Ib. /hr. 
B 4,860 
с 1,500 
В 1,826 
А 50 
D 1,800 
A 100 
E 500 
B 1,560 
D 337 
D 145 
F 1,500 
B 2,400 
B 2,800 
D 510 
F 15,000 
F 25,000 
F 35,000 
B 1,440 
B 820 
B 11,880 
C 1,500 
D 130 
B 7,200 


Hp. 


5 
50 
Б 
10 
20 


10 
50 
17 
20 
15 
150 
30 
7.5 
100 
100 


100 


4 1п. max. to 45% < 100 sieve 


* A—8 in. single-runner mill 
B—24 in. single-runner mill 
С—36 in. single-runner mill 
D—20 in. double-runner mill 
E—24 in. double-runner mill 
Е—36 in. double-runner mill 


t 2/20, or smaller than No. 2 and larger than No. 20 sieve size. 


(Sprout-Waldron Co.). 
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TABLE 12.7—(continued) 
(c) Rotary Cutters for Fibrous Materials 





Feed 
Screen rate, 

Material opening Ib./hr. Hp. Air Remarks on product 

Amosite asbestos 13” 1000 11 Yes  Finer fiber bundles average 
pencils n length 2" 
Cellophane oags 32" 200 10 Yes Finer than 3” 
Cork A 525 16 Yes 90% 4/24" sieve 
Chemical cotton 60 mesh 120 15 Yes Flock; 3596 under No. 100 
2, sieve 
Leather scrap 4 600 20 Yes Precutting before shredding 
Fiberglass 16" 300 18 Yes 1" (approx.) lengths 
Waste paper Ed 338 13 Yes Through No. 4 sieve and 
finer 
Sheet pulo 40 mesh 150 15 Yes Flock; 8596, 40/100 sieve 
Tenite scrap 16” 340 12 Мо Granulated for reuse 
Vinylite scrap ж 300 15 Yes 35%, 6/10 sieve; granular 
v Geon sheet ЕН 540 11 No 99%, 4/20 sieve; Гог mold- 
ing granules 

Cotton rags $ 500 11 Yes Nolinting 
Buna scrap 10 mesh 264 12 Yes Granular 
Neoprene scrap 30 mesh 90 14 Yes 20°F, temperature rise 
Soft-wood chips м 960 12 Yes 90%, 10/50 sieve 
Hard-wood chips uU 290 11 Yes 8396, 20/100 sieve 


* 90 per cent 4/24 sieve, i.e., 90 per cent is through No. 4 and оп No. 24 sieve. 
(Sprout-Waldron Co.). 


TABLE 12.8. Performance of Jaw and Roll Crushers 


(a) Capacities and Data on Blake Type Jaw Crushers (Selected 
Items)? 


Capacity (tons/hr) 
Size of (1 ton to 20 cuft Capacity) 











Jaw Open Side Setting (in.) Jaw Horse 
Opening 1 1 Motion Power 
in 1 1; 2 2; 3 4 (in.) Req. rpm 
10x7 7 9 12 A 5 7+ 300 (c) Relation of Capacity, Size of Feed, Roll Setting, and Speed 
8 12 16 В; of Rolls for Sturtevant Balanced Crushing Rolls; Screening іп 
20 x 10 15 20 24 31 А 5 15 275 Closed Circuit (Average Rock, Which Сап Be Nipped at Speeds 
24 32 40 49 B 8 Named) 
30x18 38 45 61 А 11 
48 60 74 102 в} 16 40 29 Size of Roll Feed Roll 
__ Dia x Face Cubes Setting Speed Capacity 
^ A-straight jaw plates; B-nonchoking jaw plates. бп.) in. бп.) (трт) (tons/hr) 
* (Data supplied by Allis-Chalmers Mfg. Co., Milwaukee, WI). 16x 10 125 0.61 200 26.6 
1 0.25 212 11.6 
0.75 0.2 225 9.8 
0.50 0.125 245 6.67 
D hed-Roll Crush n Coal 
(b) Double Toothed-Roll Crushers on Co 025 0.065 272 386 
Roll Size Maximum Capacity 
lin.) Size (ТРН) Minimum 24x 15 2 ім 15 564 
M Lump Roi! Reducing to Motor ' ` tL. 
Dia ^ Face біп.) (rpm) 12 02 (HP) 1 0.25 140 1715 
5 0.75 0.2 150 14.7 
. ‚12 1 10 
18 18 4 150 39—67 8 05 0.125 63 
1 20 4 150 46-75 8-10 
. 36х20 3 1.5 59 87 
8 24 4 150 52—88 10-12 25 1 62 61 
24 18 14 125 46—74 12—18 2 0.5 70 34.2 
24 20 14 125 54—82 15-20 1.5 0.37 78 29.2 
24 24 14 125 62-98 15-20 1 0.25 85 20.9 


(Stephens-Adamson Co.) (Sturtevant Mill Co.). 
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TABLE 12.9. Performance of Impact Disintegrators 


(a) Hammer Mills 





tons/hr Approximate Screen Analysis of Product, Reducing 3 in. Limestone 
Limestone, Limestone, Burnt lime, Grate Passing through Mesh Stated 
gin. Slots gin. Slots діп. Slots Spacing (in.) iin. 10 mesh 50 mesh 100 mesh 
0 Swing-sledge 2-4 4-7 7-9 i 99.895 8596 5096 4096 
1 Swing-sledge 6-10 12-15 18-20 2 99 70 60 
2 Swing-sledge 12-15 20-30 60-70 1 | А 
00 Hinged-hammer pulverizer 1-2 2-4 4-6 g in. slots means that the grating space was g in. 
Dimensions and Speeds 
Inside 
Ы— Feed Pulley Approx. 
Length Width Diameter Width Opening Speed (rpm) HP 
0 Swing-sledge 4ft 3in. 4ft lin. 24 in. 10 in 13x 11 in. 1200-1500 12 
1 Swing-sledge 5ft lin. bft 8in. 30 in. 20 in. 17 x 20 in. 1000-1300 40 
2 Swing-sledge 6ft 7ft 36 in. 30 in. 20 x 30 in. 1000—1200 75 
00 Hinged-hammer pulverizer 2ft bin. 3ft 16in. 11in. 12 х12іп. 1200-3600 5-20 
0-24 in. Hinged hammer pulverizer 3ft 7in. bft 8in. 24 in. 24 іп. 122 x 24 in. 1000-1200 15-20 





(Data supplied by Sturtevant Mill Co., Boston, МА). 
(b) High Speed “Mikro-Pulverizer” 


А А №.1 Мо. 2 No. 3 No. 4 


Aluminum Hydrate 99.8% through 200 
Ball Clay 98% through 325 
Calcium Arsenate 90% through 300 
Bituminous Соз! 70% through 200 
Carbon Black 99.99% through 325 
Cellulose Acetate (Pulp) | 94% through 40 


Top Rotor Speeds— 
Approximate Idle Loads 


9,600 RPM 
6,900 RPM 
4,600 RPM 
3.450 RPM 


Chrome Yellow 99.9% through 200 
Dry Cotor Slurry Smooth Slurry 
Face Powder Mixture Good Blend 

Gypsum, Raw 88% through 100 





гоп Blue 95% through 325 
Kaolin 99.9% through 325 


Malted Milk through 20 
Motding Compound through 16 
Soap Powder through 20 
Soybean Flake through 100 
Sugar through 100 


Tile Clay Body through 16 
Titanium Dioxide 99.8% through 325 
White Lead 99.09% through 325 
Zinc Oxide 99.9% through 325 





(Pulverizing Machinery Co.). 
(с) Steam- or Air-Operated Jet Mills 
































Approx. 
ма Grinding Medium бота Ауд. 
Materia! Diameter Type Row Feed Rate Particle 
Size (и) 
Titanium Dioxide 30” steam 4000 ibs/hr — 2250!bs/hr tess thant 
Sultur 24" ат 1000 сіт 1300 Ibs/ hr 3-4 
Та (varies) 30° steam 4000 55/5 2000 Ibs/hr 2 
Iron Oxide Pigment 307 steam 4000 ым — t000lbs/hr 2-3 
Cryolite 30” steam 4000:s/hr — 1000lbsihr 3 
Barytes 30° steam 4000ibs/hr 1800 Ibs/hr 3-4 
Fulter s Earth 20" steam 1200 Ibs/hr 600 Ibs/hr 3-4, 5 top 
Anthracite Coal 20” au 1000 сіт 1000 ibs/hr 5-6 
DDT (50%) 24: air 1000 ctm 1400 ibs/ hr 3-4 





Procaine-Penicihn в" ait 109 ctm 25 Ibs/hr 5, 20 to 


(Sturtevant Mill Co.). 


TABLE 12.10. Mill Performance Data for Grinding of Specific 





Products 

Handbook 

Material Equipment Table No. 
Anthracite ball mill CC 46 
Barite wet Hardinge ball mill 35 
Cement clinker three-compartment 42 

wet tube miil 

Fertilizers hammer mill 4 
Fuller's earth roller 48 
Grain attrition 32 
Gypsum rock ring-roller 45 
Iron oxide ring-roller 47 
Limestone ring-roller 34 
Limestone wet Hardinge ball mili 35 
Metal stearates hammer mill 50 
Oyster shells hammer mill 38 

Phosphates ball mill 39-40 
Quicklime ball mill CC 44 
Rubber roller mili 51 
Seed cake hammer mil: 33 
Siliceous pebble mill 36 

refractories 
Slate three-compartment 43 
wet tube mill 

Sodium carbonate roller 48 


Sulfur ring-roller 49 


Note: CC is closed circuit grinding; the ring-roller mill has built-in 
air classification. 

(From Chemical Engineers’ Handbook, McGraw-Hill, New York, 
1984, pp. 8.48~8.60). 


flatter surface. When the rotating surface is cylindrical and the 
flat surface is horizontal, the equipment is called a dry pan mill. 
The equipment shown throws the crushed material outwards 
where it is picked up and removed with an air stream. Table 
12.5(c) is a list of materials that are being ground in roller mills. 
The ring-roller mill of Figure 12.4(a) is in this class. 

в. Fluid jet pulverizers have opposed high speed gas jets that cause 
collision and disintegration of the particles. A size classifier and 
fan return larger sizes to the jet stream. The "Majac" jet mill 
of Figure 12.6(g) is a related kind of device; it has a horizontal 
section in which high speed gas jets act on the particles. These 
mills are used primarily for specialty fine grinding of high-value 
materials. Performance data of Micronizers are in Table 12.9(c); 
those of the Majac pulverizer are expected to be similar. 


12.5. PARTICLE SIZE ENLARGEMENT 


For many purpcses, lumps of materials of intermediate sizes are the 
most desirable forms, neither too small nor too large. For instance, 
beds of overly small granules of catalysts exhibit too great resistance 
to flow of reacting fluids, and too small particles in suspensions 
settle out or filter too slowly. Other situations that benefit from size 
enlargement of particles are listed in Table 12.11. 

Because of adhesive forces, particles tend to stick together, 
particularly small particles that have a large ratio of surface to mass. 
If a mass is vibrated or shaken lightly, for instance, smaller particles 
penetrate the interstices between larger ones with increase of 
contact area and adhesion of the mass. Substances differ naturally in 
their tendency to agglutinate; as examples, the following groups 
of materials are listed in the order of increasing tendency to 
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agglutination: 


1. Superphosphate, sulfates, and NPK fertilizers. 

2. Carbamide and diammophosphate. 

3. Ammonium phosphate, potassium chloride, potassium bicarbon- 
ate, and salt. 


Adhesion of any mass of particles can be developed by sufficiently 
high pressure, but lower pressures suffice upon addition of liquid or 
syrupy binders. Table 12.12 is a list of some commercial 
agglomerations and the binders that they employ, and Table 12.13 
shows how much moisture is needed. 

The main types of processes used industrially for particle size 
enlargement are five in number, defined as follows: 


1. Compaction is achieved either by compression or extrusion. 
Compression is done either into a mold to give a final shape or 
into a sheet or block that is later broken up to proper sizes. 
Extrudates are formed under pressure in dies of a variety of cross 
sections; as they leave the die they are broken up or cut to size. 

2. Agglomeration is accomplished under tumbling or otherwise 
agitated conditions, with or without binding agents. Size is 
controlled by adjusting the residence time and by gradual 
addition of feed and binder, slurry or solution. 

3. Globulation is the formation of droplets of solution, slurry, or 

melt followed by solidification by prilling, spray drying, or 

fluidized bed operation. Control of particle size is best achieved 
in fluidized beds. 

Heat bonding is of two types: nodulization in which material is 

tumbled while heated to give hard rounded granules and 

sintering in which the product is an integrated mass that is 
subsequently broken to size. 

5. Flocculation, coagulation and growth of particles in dilute 
slurries, to assist in subsequent sedimentation and filtration. 


4 


A particular industry may employ more than one of these 
techniques, for instance the manufacture of solid catalysts. 
Spherical catalysts are made in rotating pan granulators (Fig. 12.7). 
If the rheological properties are suitable, the material can be 
extruded (Fig. 12.8), then cut into sbort cylinders, and subsequently 
tumbled (Fig. 12.9) into rounded shapes. Smaller spherical beads, 
for instance, of catalysts for moving bed processes, are made by 
precipitation or coagulation in an immiscible fluid. Pellets or rings 
are made on tabletting machines (Fig. 12.10). Although the process 
is more expensive than extrusion, the product is more nearly 
uniform. Both extrusion and tabletting result in diffusion resistant 
skins that, however, usually are eliminated on drving or calcination 
of the catalyst. Ammonia synthesis catalyst is made by sintering 
(Fig. 12.11) or fusion of the several ingredients, then crushed and 
used as irregular lumps of size ranges 1.5-3, 6-10, and 12-21 mm. 

In the following, the main equipment for particle size enlarge- 
ment will be illustrated and discussed. 


TUMBLERS 


Тһе particles of a granular mass will cohere when they are tumbled 
and sprayed lightly with a liquid binder which often is water or a 
concentrated solution of the material being agglomerated. Тһе 
growth may be due to agglomeration of small particies or to 
layering of material evaporated from the sprayed solution. Rotary 
kilns of the kind used for drying or chemical reaction (cement or 
lime burning, for instance) are adapted to size enlarging service. 
Usually the tumbling action is less intense, only enough to expose 
the material to sprays. The sprays are finc and are applied to the 
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surface of the bed of particles. The tumbling action then distributes 
the liquid uniformly through tbe mass. 

The disk granulator of Figure 12.7 is a shallow pan, inclined 
45-70% to the horizontal and rotating at speeds of 10-30 rpm. The 
ratio of pan diameter to collar height is 3-5. The variety of 
materials to which this equipment is applied is indicated by the 
listing of part (e) with this figure and in Table 12.14. As the rotation 
proceeds, fresh solids and spray are charged continually. The finer 
particles settle to the bottom, the largest remain at the top and then 
overflow the collar and constitute the product. Because of the size 
stratification, the product of disk granulation is more uniform in size 
than of drum granulators which discharge a mixed product. Some 
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Bearing 
. Feed inlet 
Non-symmetric 
mantle 
Product 


(a) 





(b) 


performance data in addition to those shown with Figure 12.7 are: 


Material Diameter (mm) kg/ (minm?) 
Iron ore 10-25 11.4 
Cement flour 18 
Fertilizer 1.6-3.3 14.3 


The data of Figure 12.7(c) for cement kiln (сей are 42- 
44 kg/(min)(m?). 

Pans also are made with height more nearly equal to the 
diameter. In one such device the material is continually lifted onto 
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Figure 12.6. Examples of mostly less common devices for size reduction. (a) Schematic of a gyratory crusher for very large lumps. (b) 
Squirrel-cage disintegrator with four cages. (с) Disc-type attrition mill, rotating at 1200-7000 rpm, clearances adjustable by increments of 
0.001 in. (d) Schematic of colloid mill, clearance adjustable between 0.001 and 0.050 in., peripheral speeds to 10,000 ft/min. (e) Buhrstone 
attrition mill, used for making flour and grinding paints, printers inks and pharmaceuticals. (f) Roller or spindle mill; the crushed material is 
thrown outwards and removed with an air stream. (g) Majac fluid energy mill making a —200 mesh product; opposed air jets cause high speed 


collisions and disintegration of the material. 


Feed to 
classifier 






Rotating 
table 


Sweeping 
air 


Drive housing 


Figure 12.6—(continued) 


Coal feed 


Coarse particles 
» from classifier 


(f) 


TABLE 12.11. Benefits of Size Enlargement and Examples of 


Such Applications 


Benefit 


= 


‚ Production of useful structu- 
ral forms and shapes 


2. Preparation of definite quan- 
tity units 


3. Reduced dusting losses 
4. Creation of uniform, non- 
segregating blends of fine 
materials 
5. Better product appearance 
6. Prevention of caking and 
jump formation 
7. improvement of flow 
properties 
8. Greater bulk density to im- 
prove storage and shipping of 
particulates 
9. Reduction of handling ha- 
zards with irritating and ob- 
noxious materials 
10. Control of solubility 
11. Control of porosity and 
surface-to-volume ratio 
12. Increased heat transfer rates 


13. Removal of particles from 
liquids 


14. Fractionation of particle mix- 
tures in liquids 

15. Lower pressure drop in 
packed beds 


Examples of Application 


pressing of intricate shapes in 
powder metallurgy; manufac- 
ture of spheres by planetary 
rolling 

metering, dispensing, and ad- 
ministering of drugs in phar- 
maceutical tablets 

briquetting of waste fines 

sintering of fines in the steel 
industry 


manufacture of fuel briquets 
granulation of fertilizers 


granulation of ceramic clay for 
pressing operations 
pelleting of carbon black 


flaking of caustic 


production of instant food products 
pelleting of catalyst supports 


agglomeration of ores and glass 
batch for furnace feed 

pellet flocculation of clays in 
water using polymeric bridging 
agents 

selective oil agglomeration of coal 
particles from dirt in water 

reactors with granular catalysts 
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Finished 





Compressed 
air, steam, or gas 


Opposed jets 


ig) 


an internal sizing screen from which the oversize is taken off as 
product (Sherrington and Oliver, 1981, p. 69). 


Rotating Drum Granulators. The equipment of Figure 12.9 is 
largely free of internals to promote mixing, but provides just 
sufficient turnover to effect redistribution of the spray throughout 
the mass. With heavy sprays and little tumbling action, excess 
and nonuniform agglomeration will occur. Granules 4-6 mm dia 
commonly are made by layering from the sprayed solutions. 
Fertilizer granules made this way are larger, more dense, and 
harder than those made by prilling. The trend in the industry has 
been for prilling towers to be replaced by drum granulators and for 
those in turn to be replaced by fluidized bed granulators in which 
dusting problems are most controllable. 

A pitch of as much as 10? is used to assist material transport 
over the length of the drum. Length to diameter ratios of 2-3 are 
used and speeds of 10-20 грт. Recommended speeds are about 
50% of the critical speed for the dry material; then adequate 
cascading occurs and the range of particle size distribution is 
narrowed. Figure 12.9(b) shows the results of such tests on small 
scale granulation of a fertilizer. 

Another application of tumblers is to the manufacture of mixed 
fertilizers, in which solid ammonium nitrate, liquid ammonia, liquid 
phosphoric acid, and liquid sulfuric acid are charged separately and 
reacted. The incidental agglomeration is excessive, however, and 
the process must be followed by appropriate crushing and size 
classification. 

Various designs of powder blenders can be equipped with 
sprays and used as granulators. Figure 12.12 is of a trough equipped 
with two sets of paddles that rotate in opposite directions and throw 
the particles to the center where they are wetted. Since the mixing 
is predominantly lateral rather tban axial, a measure of plug flow 
exists and results in a narrower distribution of sizes than from an 
empty drum, and may approach that from inclined disk granulators. 
The shape is not quite as rounded, but can be improved if desired 
by tumbling subsequently in a dry drum. Dimensions and per- 
formance of commercial units are shown with Figure 12.12. 
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TABLE 12.12. List of Agglomerated Products and Their Binders 





Material 


Activated Charcoal 
Alumina 

Animal Feed 

Boric Acid 


Carbon Black & Iron Powder 
Carbon, Synthetic Graphite 
Cement, Raw Mix 

Cement Kiln Dust 


Charcoal 
Chrome Carbide 
Clay, Attapulgite 
Clay, Bentonite 


Coal, Anthracite 
Coal, Bituminous 
Coal Dust 

Coke, Petroleum 


Continuous Casting Flux 
Copper Smelter Dust 

Copper Sulphite Concentrate 
Detergent Dust 


Dolomite Kitn Dust 
Dye Pigment 

Electric Furnace Dust 
Fertilizer 


Flourspar 

Flourspar 

Flyash (boiler) 
Flyash (high carbon) 


Glass Batch 
Glass Batch 
Herbicide 
Herbicide 


Iron Ore 
Lignite 
Limestone 
Manganese Ore 


Manganese Oxide 
Phosphate Rock 
Plastic Powder 
Potash Fines 


Sodium Borate 
Sulfur Powder 
Tungsten Carbide 
Zeolite 


Binder Agglomeration Equipment 
Lignosulfonate Turbulator* 
Water Turbulator*/Disc 
Molasses Ring Extruder 
Water Dise Pelletizer 
Alcohol-Carbowax Turbulator® 
Sodium Silicate Turbulator*/Disc 
Water Disc Pelletizer 
Water Turbulator*/Disc 
Starch Gel Briquetter 
Alcohol Disc Pelletizer 
Water Turbulator*/Disc 
Water Turbulator* 
Pitch Briquetter 
Lignosulfonate Disc Pelletizer 
Water Turbulator* 
Pitch Briquetter 

Water Turbulator*/Disc 
Sodium Silicate Turbulator* 


Sodium Silicate 


Disc Pelletizer 


Water Disc Pelletizer 
Water Turbulator*/Disc 
Lignosulfonate Turbulator*/Disc 
Water Turbulator*/Disc 
Ammonia Drum 

Sodium Silicate Disc Pelletizer 
Lime-Molasses Briquetter 

Water Turbulator*/Disc 
Lignosulfonate Briquetter 


Caustic Soda 


Disc Pelfetizer 


Water Briquetter 
Lignosulfonate- Water Turbulator*/Disc 
Clay-Carbowax Briquetter 
Bentonite-water Drum 
Gilsonite-Water Turbulator*/Disc 
Clay-Water Turbulator* 
Lime-Molasses Briquetter 
Sulfuric Acid Turbulator*/Disc 
Phosphoric Acid Turbulator*/Disc 
Alcohol Disc Peiletizer 
Water Disc Pelletizer 
Sulfuric Acid Turbulator*/Disc 
Clay Compactor 
Alcohol Disc Pelletizer 
Clay-Water Turbulator*/Disc 


(Koerner and MacDougal, 1983). 


Sticky, very fine, and highly acrated materials can be 
granulated in drums with bigh speed impellers with pegs or pins 
instead of paddles. In Figure 12.13, the material enters at one end, 
is immediately wetted, and emerges as pellets at the other end. 
Residence times are under a minute. The data with this figure show 
that the bulk density of carbon black is increased by a factor of 11, 
although with about 50% binder in the product. 

As mentioned, other powder blending devices can be adapted 
to granulation, but unless most of the equipment is on hand, it is 
best to adopt a proven design with which some manufacturer has 
experience. If the stakes are high enough, the cost of a development 
program with other equipment may be justifiable. 


ROLL COMPACTING AND BRIQUETTING 


Agglomeration of finely divided materials is accomplished at high 
rates and low costs by compression between rolls. The form of 
product may be continuous sheets that subsequently are broken up 
to desired size or it may be lumps or briquets of finished form and 
size. A few shapes are shown in Figure 12.14, but a great variety of 
simple geometrical shapes can be made with readily available rolls. 
Briquets are a low cost product, rough in shape, and not of highly 
uniform weight. When smooth appearance and weight uniformity 
are demanded, tabletting is the process to be used. The great 
variety of materials that have been compacted with rolls is indicated 


12.5. PARTICLE SIZE ENLARGEMENT 355 


TABLE 12.13. Moisture Requirements for Successful Granulation in Tumbling 
Machines 





Approximate size 


analyses of raw 
material, less than 


Raw material 


Precipitated calcium carbonate 
Hydrated lime 

Pulverized coal 

Calcined ammonium metavananiate 
Lead-zinc concentrate 

tron pyrite calcine 

Specular hematite concentrate 
Taconite concentrate 

Magnetic concentrate 

Direct shipping open pit ores 
Underground iron ore 

Basic oxygen converter fume 

Row cement meal 

Utilities—fly ash 

Fly ash-sewage sludge composite 
Fly ash-clay slurry composite 
Coal—limestone composite 
Coal-iron ore composite 

Iron ore-limestone composite 
Coal-iron ore—limestone composite 


Courtesy McDowell Wellman Company. 


Concentrated 
solution 






indicated mesh 


200 
325 
48 
200 
20 
100 
150 
150 
325 
10 
0.25 in. 
Тит 
150 
150 
150 
150 
100 
48 
100 
14 


Recycle fines 


Drive 





Coliar 


Solution 
sproys 


Reciprocating 
scraper 










(а) 





Dish size Motor Capacity 
(т) (kW) (kg $7) Material 
0-36 0.18 0.013 Tungsten carbide 
0-36 0.18 0.0044 Alumina 
0-99 0.55 0.13 Phosphate rock 
0-99 0.55 0-076 Bituminous coal filter cake 
0.99 0-55 0-076 Beryl ore mix 
0.99 0.55 0.15 Copper precipitate 
1.37 2.2 0.28 Frit enamel mix 
2-59 11 8.5 Zinc concentrate sinter mix 
2.59 11 0.85 . Chromate 
2.59 7-3 0.93 Bituminous coal fines 
3-05 15 1-7-2-3 Raw shale fines 
3-05 18 2-8 Bituminous coal filter cake 
3-66 22 3-4 Zinc sulphide ore 
4.27 37 11 Nitrogen fertilizer material 
5.49 44 11 Magnetite ore 


(c) 


Rotation 


Undersize 


Moisture content 
of balled product 
(% H20} 


29.5-32.1 
25.7-26.6 
20.8—22.1 
20.9-21.8 
6.9-7.2 
12.2-12.8 
9.4-9.9 
9.2-10.1 
9,8-10.2 
10.3-10.9 
10.4-10.7 
9.2-9.6 
13.0-13.9 
24.9-25.8 
25.7-27.1 
22.4—24.9 
21.3-22.8 
12.8-13.9 
9.7-10.9 
13.3-14.8 





(b) 


Remarks 
16 x 60 mesh micropellets 


85% 4 x 30 mesh product 
Feed to pan dryer 
Feed to sinter belt 


Feed to furnace 

Micropelletized sinter 
machine feed 

For electric ore furnace 

For coking furnace 

For expanding in rotary kiln 


For fluid bed roasting of 
4 x 30 mesh pellets 
Feed: hot melt and recycle 
Feed to travelling grate — 
indurating section 


Figure 12.7. Rotating dish granulator applications and performance (Sherrington and Oliver, 1981). (a) Edge and face view of a 
dish granulator, diameters to 25 ft, Froude no. n?D/g, = 0.5-0.8. (b) Stratification of particle sizes during rotation. (c) Typical 
applications of dish granulation (Dravo Corp.). (d) Capacity and power (Dravo Corp.). (e) Performance on cement kiln feed. 
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70 1Ь./си. ft. material 
Pelletizing | 


125 Ib./cu. ft. 
Pelletizing 





Approx. 
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Horse- 
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Figure 12.7—(continued) 


UPPER 


Approx. 
capacity, 
tons/hr. 





—— 


Ногзе- 
power 





RAISING 
CAN 


PUNCH _ 





ROLL 
CARRIER 





Diameter (m) 3-6 4 
Depth (cm) 91 91 
Speed (rpm) 17.5 14-0 
Drive (kW) 

Installed 30 37 
Used 26 25-30 
Feed rate (kg s!) 7-1 8.5-10-1 
Moisture (%) 12.5-13.5 12.5-13.5 


Granule porosity (%) 26 26 
Granule compressive strength (kg) 2.7-6.7 2.7-6.7 
Powder feed position Bottom centre 
Water feed positions 
Main 
Secondary 


Jets above powder feed 
Fine sprays in top section of pan 





(e) 












HOPPER 








M LED 


T PUNCH TRAVEL 








PLUG DIRECTION 
кт 
(а) 
Number of tooling stations 27 33 45 
Output (tablets/min) 1,000-2,700 1,200-3,300 1,600-4,500 
Max. tablet diameter (in.) 18 15 
Fill depth (in.): 
Standard 0-48 0-H o-H 
Optional 1-1% H1 3-11 
Max. operating pressure (tons) 10 10 10 
Pressure release adjustment (tons) 0-10 0-10 0-10 
Upper punch entrance (in.) B-E -E i-i 
(b) 
Series 37 45 55 61 
Number of stations 37 45 55 61 
Max. operating pressure (tons) 10 6.5 6.5 6.5 
Max. depth of fill (in.) B u H u 
Max. tablet diameter (in.) 1 8 i 15 
Output (tablets/min) 888-3,552 2,050-8,200 2,500-10,000 2,775-11,100 


(с) 


Figure 12.8. Operation and specifications of rotary tabletting machines (Carstensen, 1984). (a) Action of the punches of a 
rotary tabletting machine. (b) Specifications of a Sharples Model 328 (Stokes—Pennwalt Co.). (c) Specifications of a Manesty 
Rotapress Mk 11 (Manesty Machines Ltd. and Thomas Engineering Inc.). 
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Granule diameter (mm) 


Installed Approximate? 
Diameter Length Power Capacity 
Application (ft) (#0) {НР) трт (tons/hr) 
Fertilizer 
granulation 5 10 15 10-17 7.5 
g^ 16 75 8-14 40 
гоп ore 
balling 9 31 60 12-14 54 
12 33 75 10 98 


* Capacity excludes recycle; actual drum throughput may be much 
higher. 
Inclination 2°. 


(c) 


Figure 12.9. Rolling drum granulator sketch and performance. (a) Sketch of a rolling drum granulator (Sherrington and Oliver, 
1981). (b) Effect of rotational speed on size distribution: (1) at 20% of critical speed; (2) at 50%. (c) Performance data on 


commercial units (Capes and Fouda, 1984). 


by the listing of Tables 12.15 and 12.16. A survey of equipment 
currently marketed worldwide is made by Pietsch (1976); an excerpt 
is in Table 12.16. 

Compacting of specific materials can be facilitated with certain 
kinds of additives. Binders are additives that confer strength to the 
agglomerates, and lubricants reduce friction during the operation. 
Some additives may function both ways. A few of the hundreds of 
binders that have been tried or proposed are listed in Table 12.12. 
Lubricants include the liquids water, glycerine, and lubricating oils; 
and typical solids are waxes, stearic acid, metallic stearates, starch, 
and talc. 

Successful compacting has been accomplished at temperatures 
as high as 1000°С. Extrudates are 1-10 mm thick. The information 
of commercially available equipment of Table 12.17 is repre- 
sentative. Rolis range in size from 130 mm dia by 50 mm wide to 
910 mm dia by 550mm wide. Capacities are 10—6000 kg/h, апа 
energy requirements, 2-16 kWh/ton. Compacting of mixed 
fertilizers and similar materials is accomplished by pressures of 
30-1200 atm, of plastics and resins by 1200-2500 atm, and of metal 
powders above 5000 atm. Feed supply may be in the vertical or 
horizontal direction, by gravity or forced feed. Horizontal feeding is 
less bothered by entrapped air. 

Figures 12.10(a) and (b) show product in sheet form which is 
subsequently broken down to size. Pellets of large size also may be 
made for subsequent crushing. For instance, pellets 5 cm dia by 
1 em tbick are made for the pharmaceutical trade for breaking up to 
serve as coarse granular feed to tabletting. 


TABLETTING 


Rotary compression machines convert powders and granules into 
hard tablets of quite uniform weight, notably of pharmaceuticals, 
but also of some solid catalyst formulations. The process is 
illustrated in Figure 12.8(а). A powder is loaded into a die where it 
is retained by a lower punch; then it is compressed with an upper 
punch, and the tablet is ejected by raising both punches. 

Most tablets are small, the largest shown in Figure 12.8 is 
1-3/16 in. dia and the greatest depth of fill is 1-3/8in., but other 
machines make tablets 41п. dia and exert forces of 100 tons. The 
degree of weight uniformity normally aimed at is indicated by the 
specifications of the U.S. Pharmacopeia. This states that, of a 
sample of 20 tablets, only two may differ from the mean by the 
percentage stated following and only one may deviate by twice the 
percentage stated: 


Weight of Tablet (mg) % Deviation 


Equal to or less than 13 15 

13-130 10 
130-324 7.5 

More than 324 5 


Greater weight uniformity is achieved with coarse powders or 
granules as feed. Too large a proportion of fines may cause the 
tablets to come apart upon ejection. Satisfactory feed can be 
prepared by first making large tablets in another machine and then 
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Figure 12.10. Equipment for compacting, briquetting, and pelleting. (a) Flowsketch of a process for compacting fine powders, then 
granulating the mass (Allis- Chalmers Co.). (b) Integrated equipment for roll compacting and granulating (Fitzpatrick Co.). (c) A type of 


briquetting rolls. (d) A gear pelleter. (e) A double roll extruder. 


breaking them into coarse granules, or by batch-fluidized bed 
granulation. For pharmaceuticals the range of allowable additives to 
facilitate tabletting is limited. Magnesium stearate is a common 
lubricant to the extent of 0-2%, and corn starch is a common 
binder in the range of 0-5%. Disintegrants and fillers also arc used. 
Preparation of such mixes is accomplished in powder blenders and 
fixed by granulation. 

The Stokes machines of Figure 12.8 operate at 35-100 rpm and 
the large Manesty at 45-180 rpm. Maximum forces for these sizes of 


tablets are 10tons, but up to 100 tons may be needed for tablets 
2.5-4 in. dia. The largest machines shown can be driven with about 
50HP. 


EXTRUSION PROCESSES 


Powders, pastes and melts are pelleted by extrusion through a dic 
followed by cutting. Binders and lubricants may need to be 
incorporated in the feed, but the process usually is not feasible for 


Ignition 
furnace 











Figure 12.11. Flowsketch and operation of a sintering process. 


TABLE 12.14. Industries that Employ Disk Granulators and Some of the 
Products They Process 


Industry 
Steel 


Foundry 
Ferroalloy 


Copper 
Lead/Zinc 
Other Metals 


Glass 
Ceramics 


Refractories 
Cement/Lime 
Chemicals 


Ag-Chemicals 


Foods 


Coal 
Power 


Nonmetallic Minerals 


Pulp, Paper, Wood 
Solid Waste 


Typical Application 


Electric Furnace Baghouse Dust, BOF Dust, OH 
Dust, Coke Fines, Raw Materials, Iron Ore Pellet- 
izing 

Baghouse Dust, Mold Sand Fines 


Silicon, Ferrosilicon, Ferromanganese, Ferro- 
chrome 


Concentrates, Smelter Dust, Precipitates 
Concentrates, Sinter Mix, Flue Dust, Drosses 
Tungsten, Molybdenum, Antimony, Brass, Tin, 
Berrylium, Precious Metals, Aluminum, Silicon, 
Nickel 

Glass Rawmix, Furnace Dust, Glass Powder 
Alumina, Catalyst, Molecular Sieves, Substrates, 
Insulator Body, Tilemix, Press Feed, Proppants, 
Frits, Colors 

Bauxite, Alumina, Kiln Dust, Blends 

Raw Meal, Kiln Dust 

Soda Ash, Sodium Sulfate, Detergents, Cleaners, 
Zinc Oxide, Pigments, Dyes, Pharmaceutical 
Compounds, Industrial Carbons, Carbon Black 
Fertilizers, Pesticides, Herbicides, Insecticides, 
Soil Conditioners, Aglime, Dolomite, Trace Min- 
erals, N-P-K raw Materials 

Instant Drink Mix, Powdered Process Foods, 
Sugar, Sweetners, Confectionary Mix 

Coal Fines 

Coal Fines, Fly Ash, FGD Sludge, Boiler Ash, 
Wood Ash 

Clay, Talc, Kaolin, Fluorspar, Feldspar, Diatoma- 
ceous Earth, Fullers Earth, Perlite 

Paper Dust, Wood Fines, Sander Dust, Boiler Ash 
Incinerator Ash, Refuse Fines, Mixed Refuse, 
Dried Sludge 


(Koerner and MacDougal, 1983). 


359 


360 DISINTEGRATION, AGGLOMERATION, AND SIZE SEPARATION OF PARTICULATE SOLIDS 


Solids in 










Blunger dimensions 











Length (m) 4.5 
Width (m) 1-4 
For viewing, Height (m) 1-07 
sampling and Screw diameter (m) 0.8 
cleaning discharge Pitch (m) 1.7 
chute Shaft speed (rpm) 55 
Capacity (kg 571) 23-25 
Installed power (kW) 104 
(a) 
APPROXIMATE SIZE 
MATERIAL BULK CAPACITY (WIDTH X LENGTH) SPEED DRIVE 
MODEL DENSITY LB/FT? (TONS/HR) (FT) (RPM) (HP) 
A 25 8 2x8 56 15 
S0 15 2х8 56 20 
75 22 2х8 56 25 
100 30 2х8 56 30 
В 25 30 4x8 56 30 
50 60 4x8 56 50 
75 90 4x8 56 75 
100 120 4x8 56 100 
C 25 30 4x 12 56 50 
50 60 4х 12 56 100 
75 90 4x 12 56 150 
100 120 4х 12 56 200 
125 180 4x 12 56 300 
(b) 


Figure 12.12. Paddle blending granulator and typical performance. (a) Sketch of a double paddle trough granulator (Sherrington 
and Oliver, 1984). (b) Performance in granulation of fertilizers (Feeco International). 


abrasive materials. Economically feasible power requirements 
correspond to the range of 100-200 Ib/HP hr. The main types of 
machines are illustrated in Figures 12.10(e) and 12.15. 

Screw extruders usually are built with a single screw as shown, 
but may have as many as four screws and the dic may have multiple 
holes of various cross sections. Ап 8іп. Ша screw can have а 
capacity of 2000 Ib/hr of molten plastics. Tubing can be extruded at 
150—300 ft/min. To make pellets, the extrudate goes to cutting 
machines in which parts as small as washers can be made at rates as 
high as 8000/min. The extrusion of plastics is described at length by 
Schwartz and Goodman (Plastics Materials and Processes, Van 


Nostrand Reinhold, New York, 1982); such equipment is applicable 
to other situations. 

Ring pellet mills consist of a power driven rotating ring with 
radial holes, friction driven rolls to force the material through the 
holes and knives to cut the extrudate to desired lengths. The feed is 
charged with screw feeders into the spaces between the rolls and the 
feed distributor flights. Hole diameters range from 1.6 to 32 mm. 
The force of compaction is due to flow friction through the die. 
Differing flow and compression characteristics are accommodated 
by varying the thickness of the ring. А production rate of 
200 Ib/HP hr has been quoted for a normal material through 0.25 in. 








CENSIFYING 
ZONE 


Carbon black feed 
Rate, Mg/day 
Bulk density, kg/m? 
Pellets produced 
Wet basis 
Production rate, kg/h 
Bulk density, kg/m 
Densification ratio 
Dry basis 
Production rate, kg/h 
Bulk density, kg/m 
Binder 
Specific gravity 
Injection rate, kg/h 
Use ratio, weight of binder to 
weight of wet pellets 
Power Consumption? 
Rate, kW 
Per Mg of wet pellets, kWh 
Production quality 
Rotap test (5 min), % 
Crushing strength, g 





12.5. PARTICLE SIZE ENLARGEMENT 361 





SECTION А-А 


26.34 
513 


2108.3 
562.3 
11.0 


1096.3 
394.1 


1.05 
1011.5 


0.92 


18.5 
15.0 


1.4 (avg. of 45 samples) 
25 (avg. of 73 samples) 


7 Average from 5-day test, plus subsequent production. 


Ammeter readings. 
“Cold shell. 


(b) 


Figure 12.13. Pin mixers which operate at high speed for granulation of fine and aerated powders. (a) 
Pinmixer for the granulation of wetted fine powders. (b) Performance of a pinmixer, dimensions 
0.67 m dia by 2.54 m, for pelleting a furnace oil carbon black (Capes, 1980). 


holes. The life of a die is measured in hours. Units of 300 HP are 
made. Some applications are cited in Table 12.17. 

The iarge tonnage application is to the preparation of animal 
feeds but many smaller scale applications also are being made. А 
survey of this literature is made by Sherrington and Oliver (1981). 


PRILLING 


In the process a molten material is disintegrated into droplets which 
are allowed to fall and to solidify in contact with an air stream. The 


equipment is similar to that for spray drying, but the mechanism is 
simpler in that no evaporation occurs and as one consequence the 
product is less porous and stronger. A sketch of a prilling process is 
in Figure 12.16. At one time the chief application was to fertilizers, 
but a list of many other prillable materials is given in Table 12.18. 

Dimensional and some operating data for prilling of urea and 
ammonium nitrate also are in Table 12.18. Томегв as high as 60m 
have been installed. Because of the expense of towers, prilling is 
not competitive with other granulation processes unti! capacities of 
200-400 tons/day are reached. 
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=” 











(b) 
ta) (b) (c) 
SIDE VIEW SIDE VIEW SIDE VIEW 
--------- CIRCULAR CROSS- SECTIONS 
На! face Беуе! standard convex deep convex 
(d) (e) 
TOP VIEW TOP VIEW 
SIDE VIEW SIDE VIEW 
oblong "foo! ball" 


(c) 


Figure 12.14. Common shapes and sizes of pellets made by some 
agglomeration techniques. (a) Sizes and shapes of briquets made on 
roli-type machines. (b) Catalyst pellets made primarily by extrusion 
and cutting (Imperial Chemical Industries). (c) Some of the shapes 
made with tabletting machines. 


Materials suitable for prilling are those that melt without 
decomposition, preferably have a low heat of solidification and a 
high enough melting point to permit the use of ambient air for 
cooling. Because of high viscosities, spray wheels are preferred to 
spray nozzles. The wheels often are equipped with scrapers to 
prevent clogging. Since several wheels are needed for capacity, they 
are often arranged in line and the cross section of the tower is made 
rectangular. 

The density of the prills is reduced substantially when much 
evaporation occurs: with 0.2-0.5% water in the feed, ammonium 
nitrate prills have a specific gravity of 0.95, but with 3-5% water it 
falls to 0.75. Prilled granules usually are less dense than those made 
by layering growth in drum or fluidized bed granulators. The latter 
processes also can make larger prills economically. To make large 
prills, a tall tower is needed to ensure solidification before the 
bottom is reached. The size distribution depends very much on the 
character of the atomization but can be made moderately uniform. 
Some commercial data of cumulative % less than size are: 


% Less than size 0 5 50 95 100 
Dia (mm) 12 16 24 35 4.8 


Cooling of the prills can be accomplished more economically in 
either rotary drums of fluidized beds than in additional tower 
height. Fluidized bed coolers are cheaper and better because more 
easily dust controllable, and also because they can be incorporated 
in the lower section of the tower. After cooling, the product is 
screened, and the fines are returned to the melter and recycled. 


FLUIDIZED AND SPOUTED BEDS 


In fluidized bed granulation, liquid or solution is sprayed onto or 
into the bed, and growth occurs by agglomeration as a result of 
binding of small particles by the liquid or by layering as a result of 
evaporation of solution on the surfaces of the particles. The 
granules grown by layering are smoother and harder. Some attrition 
also occurs and tends to widen the size distribution range of the 
product. Larger agglomerates are obtained when the ratio of 
droplet/granule diameters decreases. Increase in the rate of the 
fluidizing gas and in the temperature of the bed decreases 
penetration and wetting of the bed and hence leads to smaller 
granule sizes. A narrower and more concentrated spray wets a 
smaller proportion of the particles and thus leads to larger size 
product. The bed is often made conical so that the larger particles 
are lifted off the bottom and recirculated more thoroughly. 

Initial particle size distribution often is in the range of 
50—250 um. The product of Table 12.19(a) is 0.7-2.4 mm dia. 

A wide range of operating conditions is used commercially. 
Performance data are in Table 12.19. Gas velocities cover a range 
of 3-20 times the minimum fluidizing velocity or 0.1-2.5 m/sec. 
Bed expansion ratios are up to 3 or so. Ав in fluidized bed drying, 
bed depths are low, usually between 12 and 24 in. Evaporation rates 
are in the range 0.005-1.0 kg/(sec)(m7). 

Batch fluidized bed granulation is practiced for small 
production rates or when the residence time must be long. Figure 
12.17(a) and Table 12.19(a) are of an arrangement to make 
granules as feed to pharmaceutical tabletting. A feature of this 
equipment is the elaborate filter for preventing escape of fine 
particles and assuring their eventual growth. A continuous process 
for recovery of pellets of sodium sulfate from incineration of paper 
mill wastes is the subject of Figure 12.17(b) and Table 12.19(b). 
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TABLE 12.15. Alphabetical List of Some of the Materials that Have Been Successfully 
Compacted by Roll Presses 








Acrylic resins, activated carbon, adipic acid, alfalfa, alga powder, alumina, aluminium, ammonium 
chloride, animal feed, anthracite, asbestos 

Barium chloride, barium sulfate, battery masses, bauxite, bentonite, bitumen, bone meal, borax, brass 
turnings 

Cadmium oxide, calcined dolomite, calcium chloride, calcium oxide, carbomethylcellulose (CMC), 
carbonates, catalysts, cellulose acetate, ceramics, charcoal, clay, coal, cocoa powder, coffee powder, 
coke, copper, corn starch 

Detergents, dextrine, dimethylterephthalate (DMT), dolomite, ductile metals, dusts, dyes 

Earthy ores, eggshells, elastomers, emulsifiers, epoxy resins 

Feldspar, ferroalloys, ferrosilicium, fertilizers, flue dusts, fluorspar, fly ash, foodstuffs, fruit powders, 
fruit wastes, fungicides 

Gipsum, glass making mixtures, glass powder, grain waste, graphite, gray iron chips and turnings 

Herb teas, herbicides, hops, hydrated lime 

Ice, incrganic salts, iron oxide, iron powder, insecticides 

Kaolin, kieselgur, kieserite 

Lead, lead oxide, leather wastes, LD-dust, lignite, lime, limestone, lithium carbonate, lithium fluoride, 
lithium hydroxide 

Magnesia, magnesium carbonates, magnetite, maleic anhydrate, manganese dioxide, metal powders. 
molding compounds, molybdenum, monocalciumphosphate (MCP) 


Naphthalene, nickel powders, nickel ores, niobium oxide 

Ores, organic chlorides, organic silicates, oil shale, oyster shells 

Pancreas powder, penicillin, pharmaceuticals, phosphate ores, plastics, polyvinylchloride (PYC), 
potash, potassium compounds, protein pigments, pyrites, pyrocatechol 

Raisin seeds, reduced ores, refractory materials, rice starch, rock salt 

Salts, sawdust, scrap metals, shales, silicates, soda ash, sodium chloride, sodium compounds, sodium 
cyanide, sponge iron, steel turnings, stone wool, sugar, sulfur 


Teas, tin, titanium sponge, turnings 
Urea, urea formaldehyde 
Vanadium, vermiculite, vitamins 


Waxes, welding powder, wood dust, wood shavings 


Yeast (dry) 
Zinc oxide, zirconium sand 





(Pietsch, 1976). 


The multicompartment equipment of Figure 12.17(c) permits 
improved control of process conditions and may assure a narrower 
size distribution because of the approach to plug flow. 

Some of ihe fluidized bed dryers of Figure 9.13 could be 
equipped with sprays and adapted to granulation. The dryer 
performance data of Tables 9.14 and 9.15 may afford some concept 
of the sizes and capacities of suitable granulators, particularly when 
the sprays are somewhat dilute and evaporation is a substantial 
aspect of the process. 

Spouted beds are applicable when granule sizes larger than 
those that can be fluidized smoothly. Above 1mm or so, large 
bubbles begin to form in the bed and contacting deteriorates. Two 
arrangements of spraying into a spouted bed are shown in Figure 
12.17(d). Particles grow primarily bv deposition from the 
evaporated liquid that wets them as they flow up the spout and 
down the annulus. Ás the performance data of Table 12.19(c) 
indicate, particles up to 5 mm dia can bc made and even quite dilute 
solutions can be processed. The diameter of the spout can be 
deduced from the given gas rates and the entraining velocities of the 
particles being made. Figure 9.13(f) is a more complete sketch of a 
spouted bed arrangement. Example 9.9 is devoted to sizing a 
fluidized bed dryer, but many aspects of that design are applicable 
to a granulation process. 


SINTERING AND CRUSHING 


This process originally was developed to salvage iron ore fines that 
could not be charged directly to the blast furnace. Although other 
applications appear to be feasible, the original application to iron 
ore fines seems to be still the only one, possibly because the scale of 
the operation is so great. Figure 12.11 is a sketch of the process. A 
mixture of ore fines, some recycle, 14—2546 of calcite or dolomite as 
fluxes, and 2,5-5% solid fuel is placed on a conveyor to a depth of 
12in. or so. It is conveyed into an ignition furnace, burned and 
fused together, and then cooled and crushed to size. Fines under 
6 mm are recycled. Sinter feed to blast furnaces is about 40-50 mm 
in the major dimension. The equipment is very large. One with a 
conveyor 5m wide and 120m long has a capacity of 27,000 
tons/day. 

Nodulizing is another process of size enlargement by fusion. 
This employs a rotary kiln like those used for cement manufacture. 
The product is uniform, about 0.5in. dia, and more dense than 
sinter. 

Sintering of powdered metals such as aluminum, beryllium, 
tungsten, and zinc as well as ceramics under pressure is widely 
practiced as a shaping process, but that is different from the 
sintering process described here. 


TABLE 12.16. Roll Pressing Equipment Offered by Two Manufacturers 











(a) 
Max. 
force/ Approx. Press Feeder 
Max. roll Position of metric Overload сарасйу/ drive/ drive / Max. feed 
Model Roll dia./mm width/mm rollsfeeder tons system kg ^ Feedertype kW kW Roll shapes temp./ *C 
L 200/50 200 50 horiz./vert. ^10 Мопе 10-100 screw 3/4 0:5 smooth/corrugated/ 80 
or vert./horiz. » pocketed 

K 26/100 200 100 horizontal/vertical ^20 » 100-200 ” 11 3 ^ 80 

K 27/200 300 200 » ~40 „ 200-500 ” 22 7-5 " 80 

K 27/300 300 300 » ~80 hydraulic 500-1 000 ” 30 7:5 r 80 

CS 25 230 65 » 25 n 100-300 ” 7 3 ^ 120 

CS 50 406 119 " 50 „ 300-1 000 „ 15 5 - 150 

MS 75 500 230 „ 75 » 1000-10000» 22 25 ^ 120 

MS 150 500 280 „ 150 „ 3000-15000 » 75 П " 1 000 
MS 200 710 460 "n 200 M up to 50000 » 300 15 ^" 1 000 

MS 300 710 550 „ 300 „ up to 60 000 screw(s) 400 15 n 1 000 

MS 350 910 250 „ 350 up to 40000 screw 250 15 1 000 

(b) 
B 100 130 50 vertical/horizontal 10 hydraulic 20 screw smooth/corrugated/ ambient 
pocketed 

B 150 200 75 ” 20 " 200 А ^" ^ 

B 220 300 75 " 30 „ 1 500 „ > ” 

В 300 380 100 M 60 » 3 000 ” as required ” ” 

В 400 460 150 ” 125 n 5 000 ^" " ” 

В 500 610 200 „ 250 „ 15 000 „ T ” 

D 100 130 » 20 » 50 » ^ ” 

D 150 200 ^ 40 » 200 ^ n ” 

D 300 330 » 70 ” 3 000 „ ” 
DH 400 520 horizontal/vertical 140 " 6 000 r » 800 
DH 500 710 „ 270 » 20 000 ” " 800 
DH 600 920 n 500 » 50 000 > ^" 800 
Юа 


Ка) Hutt Gmbh; (b) К.А. Komarek, Inc. From Pietsch, 1976]. 
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Materia} 
Asbestos Shorts 


Acrylamide-Dry 
Wet 


Bauxite 


Brewers Grain 
(Spent) 


Clay Base Material 


Cryolite Filter Cake 


Domolite 


Herbicide 
insecticide 


fron Oxide 
Lignite 


Nylon Fitm Scrap 
Paper Scrap 


Phenolic Molding 
Compound 


Polyethelyene Film 
Polystyrene Foam 


Polypropylene Film 
Rubber Accelerator 
Starch 

Sawdust 

Salt 





(Sprout Waldron Co.). 


TABLE 12.17. Some Applications of Rotating Ring Pelletizers (see Figure 12.15(b)) 


Reason 
To 
Pellet 


Densify, Reduce Dust 
In at 2015/43 (320kg/m3) 
Ош at 65Ib/ft3 (1041kg/m3) 


Handling 


Densify, Reduce Dust 
In at 5Ib/ft3 (GOkg/m3) 
Out at 3010/13 (480kg/m3) 


Handling 


Densify, Handilng 
In at 1310/63 (208kg/m3) 
Out at 3615/13 (577kg/m3) 


Handling, Densify, Calcine 


Handilng 
Handling 


Handling, Control, Solubility 
Defined Form, Reduce Dust 


CalcinIng, Reduce Dust 


Ellminate Fines 


Densify 
Densify 


Reduce Dust, Handling 


Density from 510/113 (BOkg/m3) 
to 20 15113 (320kg/m3) 


Densify from 415/13 (64kg/m3) 
to 2416713 (384kg/m3) 


Densify 

Reduce Dust, Handling 
Handling 

Burn 


Handling, Reduce Dust 
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LB/HPIHR 
(KGIKWIHR) 


45 
(27) 


80 (49) 
170 (103) 
80 
(49) 
300 (182) 
150 (91) 


100-300 
(61-182) 


100 (81) 
200 (122) 


150 (91) 
120 (73) 


50-100 
(30- 61) 


100 (81) 


60 (36) 
83 (50) 


60 (36) 
30 (18) 


164 (100) 


40 (24) 
192 (117) 
75 (46) 
60 (38) 
70 (43) 


Pellet Size 
(Inches Olameter) 
(Millimeter Dia.) 


3/8" 
(9.5mm) 


1/4° 
(6.4mm) 


3/8" 
(9.5mm) 
112% (12.8mm) 
144" (6.4mm) 


118° to 3/4" 
(3.2mm to 19mm) 


3/8" (9.5mm) 


1/4" to 3/16” 
(8.4mm to 4.8mm) 


12/64" (4.8mm) 
1/8" (3.2mm) 


1/8" to 114° 
(3.2mm to 6.4mm) 


1/8" to 1/4" 
(3.2mm to 6.4mm) 


1/8" (3.2mm) 
1/2" (12.7тт) 


1/8” (3.2mm) 


1/8" to 3/16” 
(3.2тт to 4.8mm) 


1/8* (3.2mm) 


1/8" (3.2mm) 
12/64" (4.8mm) 
12/64" (4.8mm) 

3/4* (6.4mm) 

1/8” (3.2mm) 
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Figure 12.15. Two types of extrusion pelleting equipment. (a) Screw-type extruder for molten plastics: The die is turned 90? in 
the illustration from its normal position for viewing purposes. The extruded material is cooled and chopped subsequently as 
needed (U.S. Industrial Chemical Co.). (b) Ring extruders: material is charged with screw conveyors to the spaces between 
the inner rolls and the outer perforated ring, the ring rotates, material is forced through the dies and cut off with knives. 


ATOMIZING DEVICE Figure 12.16. A prilling tower for ammonium nitrate, product size 
— AIR OUTLET range 0.4-2.0 mm. The dryer is not needed if the moisture content 
of the melt is less than about 0.546. 
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TABLE 12.18. List of Typical Prillable Materials and Performances of Some Prilling Operations 


(a) List of Typical Prillable Materials 


Adhesives 

Adipic Acid 

Alpha naphthoi 
Ammonium nitrate and additives 
Asphalt 
Bisphenol-A 
Bitumen 

Carbon pitch 
Caustic soda 

Cetyl alcohol 
Coal-derived waxes 
Coal tar pitch 
Dichloro-benzidine 
Fatty acids 

Fatty alcohols 
Epoxy resins 
Hydrocarbon resins 
High-melting inorganic salts 
Ink formulations 
Lauric acid 
Myristic acid 
Myristyl alcohol 
Paraffins 


Pentachlorophenol 
Petroleum wax 
Phenolic resins—Novalak resin 
Pine rosin 
Polyethylene resins 
Polystyrene resins 
Polypropyiene—maleic anhydride 
Potassium nitrate 
Resins 

Sodium glycols 
Sodium nitrate 
Sodium nitrite 
Sodium sulphate 
Stearic acid 

Stearyl alcohol 
Substituted aliphatics 
Substituted amides 
Sulphur 

Urea and additives 
Urea- sulphur mix 
Wax- resin blends 


(b) Data for the Prilling of Urea and Ammonium Nitrate 


Tower size 
Prill tube height, ft 
Rectangular cross section, ft 
Cooling air 
rate, lb/h 
inlet temperature 
temperature rise, °F 
Melt 





130 
1] by 21.4 


360,000 
ambient 
15 


Type Urea 


rate, Ib/h 35,200 (190 Ib НО) 


inlet temperature, ° F 275 
Prills 
outlet temperature, °F 120 


size, mm approximately 1 to 3 


Ammonium Nitrate 
43,720 (901b H20) 
365 


225 


_———————————є——-—— a e 


(HPD inc.). 
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TABLE 12.19. Performance of Fluidized Bed and Spouted Bed Granulators 


(a) Pd Fluidized Bed Granulator to Make Feed to Pharmaceutical Tablets; the Sketch Is in Figure 
12.17(а 





APPROXIMATE RANGE 





Batch load, dry basis, Ib 20 to 400? 
Volume of container for static bed, ft? 2 to 15 
Fluidizing air fan, hp 5 to 25 
Air (Steam) heating capacity, Btw/h 70,000 to 600,000 
Drying air temperature, °С 40 to 80 
Granulating liquid spray^ Two fluid nozzle 
Air volume $ to 2 SCFM 
Liquid volume 500 to 1500 cm?/min 
Batch processing time, min 30 to 50 
Average granule size 24 to 8 mesh 





Batch capacity exceeds 1500 Ib in the largest modern units. 
Typical granulating liquids are gelatin or sodium carboxy methyl cellulose solutions. 


(Capes and Fouda, 1984). 


(b) Performance of Fluidized Bed Granulation of Two Waste Products; Sketch Is in Figure 12.17(b) for 
Paper МИ! Waste 








BED GRANULAR PRODUCT 
ТҮРЕ OF SLUDGE INCINERATOR SIZE TEMPERATURE CAPACITY COMPOSITION 
Oil refinery waste sludge 40 ft high; 1330°F 31x 10° lb/hr Start-up material was silica 
(85-95% water) 20 ft ID at of sludge sand; replaced by nodules 
base increasing of various ash components 
to 28 ft at top such as CaSO,, Na, Ca, Mg 


silicates, А1,Оҙ after 
operation of incinerator. 


Paper mill waste liquor? 20 ft ID 1350? F 31 X 103 lb/hr Sulfur added to produce 
(4076 solids) at top 90-95% Na4SO, and 
some Маз CO; 





(Сарев and Fouda, 1984). 


(c) Applications of Spouted Bed Granulations 





Feed solution Product Gas temperature 
Moisture Temperature Size Moisture Inlet Outlet Gas flow rate Capacity 
Material content (%) (°С) ітт) (%) (C) (°С) (m? 2) (kg h^!) 
Complex fertilizer 27 15 3-3.5 2-4 170 70 13-9 4000 
Potassium chloride 68 15 4-5 - 200 60 13-9 1000 
Ammonium nitrate 4 175 2:54 0-2 15 55 13-9 9500 
Sulphur - 135 2-5 - 15 - 1-1x 1072 40 
Inorganic pigments, 
e.g. natural sienna 45 - 3-5 - 280 100 
Organic dyes, e.g. acid 
blue black 63 - 1-3 6-5 226 154 
Ammonium sulphate 60 70 “2 - 190 83 ~}-3 x10? ~2-7 
Sodium chloride 77 - --4-5 - 120 70 —1.8 x 10-2 —1.2 





(Sherrington and Oliver, 1981). 
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Figure 12.17. Fluidized bed and spouted bed granulators. (а) А batch fluidized bed granulator used in the pharmaceutical industry; 
performance data in Table 12.19(a). (b) Part of a fluidized bed incineration process for paper mill waste recovering sodium sulfate pellets; 
performance data in Table 12.19(b). (c) A three-stage fluidized bed granulator for more complete control of process conditions and more 


nearly uniform size distribution. (d) Two modes of injection of spray to spouted beds, into the body on the left and at the top on the right; 
performance data in Table 12.19(c). 
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DISTILLATION AND GAS ABSORPTION 


he feasibility of separation of mixtures by distillation, 

absorption, or stripping depends on the fact that the 

compositions of vapor and liquid phases are 

different from each other at equilibrium. The vapor 
or gas phase is said to be richer in the more volatile or lighter 
or less soluble components of the mixture. Distillation 
employs heat to generate vapors and cooling to effect partial 
or total condensation as needed. Gas absorption employs a 
liquid of which the major components are essentially 
nonvolatile and which exerts a differential solvent effect on 
the components of the gas. In a complete plant, gas 
absorption is followed by a stripping operation for 
regeneration and recycle of the absorbent and for recovering 
the preferentially absorbed substances. In reboiled absorbers, 
partial stripping of the lighter components is performed іп the 
lower part of the equipment. In distillation, absorption, or 
rectification and stripping are performed in the same 
equipment. Figures 13.1 and 13.2 show the basic types of 
equipment. 


13.1. VAPOR-LIQUID EQUILIBRIA 


This topic is concerned with the relations between vapor and liquid 
compositions over a range of temperature and pressure. Func- 
tionally, the dependence of the mol fraction y; of component i in 
the vapor phase depends on other variables as 


у-АТ,Р,хі,х:,...,х,). (13.1) 
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Figure 13.1. Distillation column assembly. 
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These distinctions between the two operations are partly 
traditional. The equipment is similar, and the mathematical 
treatment, which consists of material and energy balances 
and phase equilibrium relations, also is the same for both. The 
fact, however, that the bulk of the liquid phase in 
absorption-stripping plants is nonvolatile permits some 
simplifications in design and operation. 

Equipment types are of two kinds, tray-type or packed, 
stagewise or continuous. The trays function as individual 
stages and produce stepwise changes in concentration. In 
packed towers concentration changes occur gradually. Until 
recently packed towers were used only in small equipment 
and where their construction was an advantage under 
corrosive conditions or when low pressure drop was 
mandatory. The picture now has changed somewhat and both 
types often are competitive over a wide range of sizes. 





The dependence on composition alone often is approximated by 


y; = Kx; (13.2) 


where K;, the vaporization equilibrium ratio (VER) is assumed to 
depend primarily on the temperature and pressure and the nature of 
the substance, and only secondarily on the composition. Equation 
(13.2) can be viewed as suggested by Raoult's law, 


уг = (РЁ/Р)х, (13.3) 
with 


(Қаға = РР, (13.4) 
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Figure 13.2. Absorber-stripper assembly. 
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where Рі is the vapor pressure of component i and P is the system 
pressure. Several correlations have been developed for VERs, 
chiefly for hydrocarbon systems, for example, the one in Figure 
13.3. The effect of composition is expressed in terms of a 
convergence pressure, which is explained for instance in the API 
Data Book (1969-date). The correction is small for system 
pressures under 10 atm or so and is neglected in this book. 

A more nearly complete expression of K; is derived upon 


















noting that at equilibrium partial fugacities of each component are 
the same in each phase, that is 


һ-Н (13.5) 
or іп terms of fugacity and activity coefficients, 


„ФР = xy b PP?" (13.6) 
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Figure 13.3. Vaporization equilibrium ratio: 
Corp., New York). 





008 isopentane 


005 n- Pentone 


0008 a-Hexone 


Normal boiling point, *F 





5 (Hadden and Grayson, 1961; Courtesy Mobil Oil 


The relation between mol fractions becomes 


уф“Р“ 
n= ур e (13.7) 
which makes the vaporization equilibrium ratio 


sat psat 
Qi Р 


_ 
К; ФР (13.8) 
Additionaily usually small corrections for pressure, called Poynting 


factors, also belong in Eq. (13.6) and following but are omitted 
here. The new terms are 


y; = activity coefficient in the liquid phase, 
$;" = fugacity coefficient of the pure component at its vapor 
pressure, 


ф? = partial fugacity coefficient in the vapor phase. 


Equations for fugacity coefficients are derived from equations 
of state. Table 13.1 has them for the popular Soave equation of 
state. At pressures below 5-6 atm, the ratio of fugacity coefficients 
in Eq. (13.8) often is near unity. Then the VER may be written 


К, = y,P"*/P (13.9) 


and is independent of the nature of the vapor phase. 

Values of the activity coefficients are deduced from 
experimental data of vapor-liquid equilibria and correlated or 
extended by any one of several available equations. Values also 
may be calculated approximately from structural group contribu- 
tions by methods called UNIFAC and ASOG. For more than two 
components, the correlating equations favored nowadays are the 
Wilson, the NRTL, and UNIQUAC, and for some applications а 
solubility parameter method. The first and last of these are given in 
Table 13.2. Calculations from measured equilibrium compositions 
are made with the rearranged equation 








-iP - 
і фер“ х; (13.10) 
Р у; 
Bir (13.11) 


The last approximation usually may be made at pressures below 
5-6 аїт. Then the activity coefficient is determined by the vapor 
pressure, the system pressure, and the measured equilibrium 
compositions. 

Since the fugacity and activity coefficients are mathematically 
complex functions of the compositions, finding corresponding 
compositions of the two phases at equilibrium when the equations 
are known requires solutions by trial. Suitable procedures for 
making flash calculations are presented in the next section, and in 
greater detail in some books on thermodynamics, for instance, the 
one by Walas (1985). In making such calculations, it is usual to start 
by assuming ideal behavior, that is, 

PPM = y, 1. (13.12) 
After the ideal equilibrium compositions һауе been found, they are 
used to find improved values of the fugacity and activity coefficients. 
The process is continued to convergence. 
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TABLE 13.1. The Soave Equation of State and Fugacity 
Coefficients 


Equation of State 


pail ай _ 
“Vb МУ+Ы 


23 Z2 4 (A- B – B'z - АВ=0 


Parameters 


а = 0.4274782Т2/Р,, 
b = 0.086647, /Р, 
a = [1 + (0.48508 + 1.551710 — 0.1561307)(1 — 729) 


а= 1.202 exp{—0.302887,) and 
for hydrogen (Graboski and Daubert, 1979) 


A= aaP/R*T? = 0.42747 «Р./Т2 
В = bP/RT = 0.08664Р./Т. 


Mixtures 
aa = У, Y, yy (ao 
b- 2, vib; 
A- УХ ии 
B=) ув, 


Cross parameters 
(ao); -(1-Қ V(ao), (ао), 
k, in table 
К; = 0 for hydrocarbon pairs and hydrogen 


Correlations іп Terms of Absolute Differences between Solubility 
Parameters of the Hydrocarbon, бис and of the Inorganic Gas 


Gas kj 

H;S 0.0178 + 0.0244 |Ó,,c. — 8.80| 

CO; 0.1294 — 0.0292 |дис — 7.12| - 0.0222 |ó,c — 7.12)? 
№, —0.0836 + 0.1055 |, — 4.44| — 0.0100 |6,с — 4.4417 


Fugacity Coefficient of a Pure Substance 


шф=2-1 in[z(: - i) | варт + v) 


M A B 
z-1i-in(iz—- B) (1+2) 











Fugacity Coefficients in Mixtures 


In $; = 1) – (1 -3) 


mni уйга}, | n(1 +2) 


b аа j 








B, АГВ, 2 B 
a lz—1)—Inlz 8212 э ® ува), | "(1+ 2) 





(Walas, 1985). 
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TABLE 13.2. Activity Coefficients from Solubility Parameters and from the Wilson Equation 


Name 


Scatchard-Hildebrand 


Binary Mixtures 


Parameters In v, and In y2 


9,0; 


$4 = Мх Мх. + х) 


Wilson Air Арл 


vi A 
Аз; "Wi exp(- = 


V 
тт = $1246. 5)? 


V 
ares ô)? 








A A 
—In(x, + А12Х2) +a 12 —- 21 ) 
Х1+А42Х2 Ao4X4 + X2 
А A 
-In(x; + Аха) x( B 21 ) 
Xt Л12Х2 Лх; + X5 


vi À 


ҮР molar volume of pure liquid component i. 


Ternary Mixtures 


In y4 = 1 — (хД; + X2A;5 + X3A^;4) — 


X2^5i 


Xi; 
X4 + х2А 2 + ХзАлз 


ХзАз; 





X4À24 T X2 + хзА>з 


х1Аз + Х2Аз2 + Хз 


Multicomponent Mixtures 


Aj =1 
Equation Parameters 
Scatchard—Hildebrand 6; 
i V; Ag 
Wilson Ag ев 1) 
Aj = Ау= 1 
RELATIVE VOLATILITY 


The compositions of vapor and liquid phases of two components at 
equilibrium sometimes can be related by a constant relative 
volatility which is defined as 














У: У yı Xi 
- 13.1 
T 2 а ( 3 
Then 
У xi 
(Es 0321 — P (13.14) 
In terms of vaporization equilibrium ratios, 
«= К/К = y PIIP“, (13.15) 


and when Raoult’s law applies the relative volatility is the ideal 





m m 
-in(> xA) +1— 5 Asu 
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m 

j- k=1 
à хау 
j21 


value, 
= sat sat 
це = PIPZ“. 


(13.16) 


Usually the relative volatility is not truly constant but is found to 
depend on the composition, for example, 














Oy = Ку + Кх}. (13.17) 
Other relations that have been proposed are 
Vi xi 
ПР ky + kel 5 к.) (13.18) 
and 
k2 
X __ xi 
ema (т) . (13.19) 


A variety of such relations is discussed by Hala (Vapor—Liquid 
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EXAMPLE 13.1 

Correlation of Relative Volatility 
Data for the system ethanol + butanol at 1 atm are taken from the 
collection of Kogan et al. (1966, #1038). The values of x/(100 — x), 
y/(100 — y), and а are calculated and plotted. The plot on linear 
coordinates shows that relative volatility does not plot linearly witr 
x, but from the linear log-log plot it appears that 








1.045 0.045 
y р x x 
—J 14364 =4, 
ioc 74 (=) abs: 436 (55) 
x y x y 
0 0 39.9 74.95 
3.45 12.5 53.65 84.3 


6.85 22.85 61.6 88.3 


10.55 32.7 70.3 91.69 
14.5 41.6 79.95 95.08 
18.3 49.6 30.8 97.98 
28.4 63.45 100.0 100.0 
x ә х)/100-х у/100-у 
35 400 0.04 0.14 
6,9 4.03 0.07 0.30 
10.6 4.12 0.12 0.49 
14.5 4.20 0.17 0.71 
18.8 4.25 0.23 0.98 
26.4 4.38 9.40 1.74 
39.9 4.51 0.66 2.99 
53.7 4.64 1.16 5.37 
61.6 4.70 1.60 7.55 
70.3 4.66 2.37 11.03 
800 4.85 3.98 19.33 
908 491 9.87 48.50 








Equilibria, Pergamon, London, 1967). Other expressions can be 
deduced from Eq. (13.15) and some of the equations for activity 
coefficients, for instance, the Scatchard-Hildebrand of Table 13.2. 
Then 


4 sat 
CHI» Ру 
хіі x, PP 





а 
«б va ~ e y - v.e], 
(13.20) 


= Vas S. 
er Vix, + Vix; (13.21) 
is the volume fraction of component 1 in the mixture. 

Beyond a certain complexity these analytical relations between 
vapor and liquid compositions lose their utility. The simplest one, 
Eq. (13.14), is of value in the analysis of multistage separating 
equipment. When the relative volatility varies modestly from stage 
to stage, a geometric mean often is an adequate value to use. 
Applications are made later. Example 13.1 examines two ways of 
interpreting dependence of relative volatility on composition. 


BINARY x-y DIAGRAMS 


Equilibria between the components of a binary mixture are 
expressed as a functional relation between the mol fractions of the 
usually more volatile component in the vapor and liquid phases, 


y =f&). (43.22) 


The definition of relative volatility, Eq. (13.14), is rearranged into 
this form: 


ах 


О (13.23) 


Representative х-у diagrams appear іп Figure 13.4. Generally they 
are plots of direct experimental data, but they can be calculated 
from fundamental data of vapor pressure and activity coefficients. 
The basis is the bubblepoint condition: 


Y pst 
Tas eer 





sat 

xı + p (17x) 21. (13.24) 
In order to relate y, and x,, the bubblepoint temperatures are 
found over a series of values of x,. Since the activity coefficients 
depend on the composition of the liquid and both activity 
coefficients and vapor pressures depend on the temperature, the 
calculation requires a respectable effort. Moreover, some 
vapor-liquid measurements must have been made for evaluation of 
a correlation of activity coefficients. The method does permit 
calculation of equilibria at several pressures since activity 
coefficients are substantially independent of pressure. A useful 
application is to determine the effect of pressure on azeotropic 
composition (Walas, 1985, p. 227). 


13.2. SINGLE-STAGE FLASH CALCULATIONS 


The problems of interest are finding the conditions for onset of 
vaporization, the bubblepoint; for the onset of condensation, the 
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Figure 13.4. Some vapor-liquid composition diagrams at essentially atmospheric pressure. This is one of four such 
diagrams in the original reference (Kirschbaum, Destilier und Rektifiziertechnik, Springer, Berlin, 1969). 


Compositions are in weight fractions of the first-named. 


dewpoint; and the compositions and the relative amounts of vapor 
and liquid phases at equilibium under specified conditions of 
temperature and pressure or enthalpy and pressure. The first cases 
examined will take the K; to be independent of composition. These 
problems usually must be solved by iteration, for which the 
Newton-Raphson method is suitable. The dependence of K on 
temperature may be represented adequately by 


К, = exp[A, — B,/(T + С). (13.25) 
An approximate relation for the third constant is 
C, = 18 — 0.19Ть, (13.26) 


where Т,, is the normal boiling point in °К. The dependence of К 
on pressure may be written simply as 


K,=a,P™. (13.27) 


Linear expressions for the enthalpies of the two phases are 


h,=a;,+ ҚТ, 
H,=c,+ dT, 


(13.28) 
(13.29) 


assuming negligible heats of mixing. The coefficients are evaluated 
by readings off Figure 13.3, for example, and tabulations of pure 
component enthalpies. First derivatives are needed for application 
of the Newton-Raphson method: 


эк,/ ЭТ = В,К,/(Т + С), 
8K,/8P = b,K,[P. 


(13.30) 
(13.31) 


BUBBLEPOINT TEMPERATURE AND PRESSURE 


Тһе temperature at which a liquid of known composition first begins 
to boil is found from the equation 


РТ) = Zi Kx, -170, (13.32) 


where the К; are known functions of the temperature. In terms of 
Ба. (13.25), the Newton-Raphson algorithm is 


-1-2 Кух; 
У [В.К СТ + CY] 





Т-Т 





(13.33) 


Similarly, when Eq. (13.27) represents the effect of pressure, 
the bubblepoint pressure is found with the N-R algorithm: 


f(P) => Kx;-1-20, (13.34) 
p-p- Y i trs Pol (13.35) 


DEWPOINT TEMPERATURE AND PRESSURE 


Тһе temperature or pressure at which a vapor of known 
composition first begins to condense is given by solution of the 
appropriate equation, 


f(T) = Х/К, - 170, 
КР) = Х/К, - 1-0. 
In terms of Eas. (13.25) and (13.27) фе N-R algorithms аге 


(13.36) 
(13.37) 








ТЕТ+ 1+ УК | ~1+ X y;/K; 
X [(y,/K2)8K,/OT] X [By,/ KT + Gy] D 
(13.38) 
-1- Ху/кК; u (-1+ X y,/K)P 
РР КОК] РҮ УК) 45% 


FLASH АТ FIXED TEMPERATURE AND PRESSURE 


At temperatures and pressures between those of the bubblepoint 
and dewpoint, a mixture of two phases exists whose amounts and 
compositions depend on the conditions that are imposed on the 
system. The most common sets of such conditions are fixed Т and 
P, or fixed Н and P, or fixed 5 and P. Fixed T and P will be 
considered first. 

For each component the material balances and equilibria are: 


Ег, = Lx; + Vyp (13.40) 
у= Кух. (13.41) 


On combining these equations and introducing f —V/F, the 
fraction vaporized, the flash condition becomes 








fB)--i-£Xx- = 0, (13.42) 
апа the corresponding N-R algorithm is 
_ ga, itd ВА + В(К, ~ 1)] 

B=B+ 57K [4 BK - DE) (13.43) 


02/1 + В(К,— DP} 


After В has been found by successive approximation, the phase 
compositions are obtained with 


Zi 
T+ B(K,-1)’ 
y; = Кух. 








(13.44) 
(13.45) 


A starting value of B — 1 always leads to a converged solution by 
this method. 


13.2. SINGLE-STAGE FLASH CALCULATIONS 377 


FLASH AT FIXED ENTHALPY AND PRESSURE 


The problem will be formulated for a specified final pressure and 
enthalpy, and under the assumption that the enthalpies are additive 
(that is, with zero enthalpy of mixing) and are known functions of 
temperature at the given pressure. The enthalpy balance is 








Hr =(1- B) > xH +В У уН (13.46) 
2,Н,, K;zH, 
0-0 ттк 7) +В тект p 04 
This equation and the flash Eq. (13.42) constitute a set: 
2; 
fB, D--1*Zirgg-5 9 (13.48) 
zH; 

88, Т)= НЕ- (1-5) Ж тк D 

SHY ESL (13.49) 


1+ В(К, ~ 1) 


from which the phase split В and temperature can be found when 
the enthalpies and the vaporization equilibrium ratios are known 
functions of temperature. The N-R method applied to Eqs. (13.48) 
and (13.49) finds corrections to initial estimates of В and Т by 
solving the linear equations 


of, 3f 
ет +f =0, (13.50) 
28. 
а +2 = 0, (13.51) 


where all terms are evaluated at the assumed values (Во, 70) of the 
two unknowns. The corrected values, suitable for the next trial if 
that is necessary, are 


B = Bo * ^, 
T-TK. 


(13.52) 
(13.53) 


Example 13.2 applies these equations for dewpoint, bub- 
blepoint, and flashes. 


EQUILIBRIA WITH Ks DEPENDENT ON COMPOSITION 


The procedure will be described only for the case of bubblepoint 
temperature for which the calculation sequence is represented on 
Figure 13.5. Equations (13.8) and (13.32) are combined as 


set Hn 


f(T) = xc x;-1-0. 


ФР 








(13.54) 


The liquid composition is known for а bubblepoint determination, 
but the temperatüre is not at the start, so that starting estimates 
must be made for both activity and fugacity coefficients. In the flow 
diagram, the starting values are proposed to be unity for all the 
variables. After a trial value of the temperature is chosen, 
subsequent calculations on the diagram can be made directly. The 
correct value of T has been chosen when У y; = 1. 

Since the equations for fugacity and activity coefficients are 
complex, solution of this kind of problem is feasible only by 
computer. Reference is made in Example 13.3 to such programs. 
There also are given the results of such a calculation which reveals 
the magnitude of deviations from ideality of a common organic 
system at moderate pressure. 
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EXAMPLE 13.2 

Vaporization and Condensation of a Ternary Mixture 
For a mixture of ethane, n-butane, and n-pentane, the bubblepoint 
and dewpoint temperatures at 100 psia, a flash at 100°F and 
100 psia, and an adiabatic flash at 100 psia of a mixture initially 
liquid at 100°F will be determined. The overall composition 2;, the 
coefficients A, B, and C of Eq. (13.22) and the coefficients a, b, c, 
and d of Eqs. (13.28) and (13.29) are tabulated: 


Coefficients 


z A B с а b c d 


C; 0.3 5.7799 2167.12 —30.6 122 0.73 290 0.45 
nC, 0.3 6.1418 3382.90 -60.8 96 0.56 267 0.34 
nC, 0.4 6.4610 3978.36 -73.4 90 0.55 260 0.40 


Тһе bubblepoint temperature algorithm is 








—1+ Ka; 
T-T-3TBKxKG-Gyj (13.33) 
and the dewpoint temperature algorithm is 
=I LK; 


У [Bjy/ K(T + Cy] | 


Results of successive iterations are 


Bubblepoint Dewpoint 
1000.0000 700.0000 
695.1614 597.8363 
560.1387 625.9790 
506.5023 635.3072 
496.1742 636.0697 
495.7968 636.0743 
495.7963 636.0743 


The algorithm for the fraction vapor at specified T and P is 


Жар " —1+ Xz/(-*f(K;-—1) 
F- У (К, - 1)z/(1 + В(К,- Dy | 





8- (13.43) 


and the equations for the vapor and liquid compositions are 


x, = z/ (1+ B(K; — 1)), 
y; = Кух. 


(13.44) 
(13.45) 


Results for successive iterations for f and the final pbase 
compositions are 


e 2 х; У 
1.0000 С. 0.3 0.1339 0.7231 
0.8257 nC, 0.3 0.3458 0.1833 
0.5964 nC, 0.4 0.5203 0.0936 
0.3986 
0.3038 
0,2830 
0.2819 


Adiabatic flash calculation: Liquid and vapor enthalpies off 
charts in the API data book are fitted with linear equations 


h=at+bT (F), 
Н=с+ат (F). 


(13.28) 
(13.29) 


The inlet material to the flash drum is liquid at 100°F, with 
Ho = 8,575.8 Ва ЛЬ mol. The flash Eq. (13.43) applies to this part 
of the example. The enthalpy balance is 





Hy = 8575.8 
=(1- B) > Mah; + В Y, Мун, (13.46) 
-(1-6)У 1 EU - i t£, 1 т А (13.47) 


The procedure consists of the steps. 


1. Assume 7. 

2. Find the K;, ^;, and H;. 

3. Find f from the flash equation (13.43). 

4. Evaluate the enthalpy of the mixture and compare with Но, Eq. 
(13.47). 


The results of several trials are shown: 


TCR) p H 


530.00 0.1601 8475.70 
532.00 0.1681 8585.46 
531.82 0.1674 8575.58— 8575.8, check. 


The final VERs and the liquid and vapor compositions are: 


K x y 


C; 4.2897 0.1935 0.8299 
nC, 0.3534 0.3364 0.1189 
nC, 0.1089 0.4701 0.0512 


The numerical results were obtained with short computer programs 
which are given in Walas (1985, p. 317). 





13.3. EVAPORATION OR SIMPLE DISTILLATION 


As a mixture of substances is evaporated, the residue becomes 
relatively depleted in the more volatile constituents. A relation for 
binary mixtures due to Rayleigh is developed as follows: The 
differential material balance for a change dL in the amount of liquid 
remaining is 


—y dL — d(LX) = L dx + X dL. (13.55) 


Upon rearrangement and integration, the result is 


L * dx 
(2) = | ---. 13.56 
То хо х-у ( ) 
In terms of a constant relative volatility 
y ах (13.57) 


“I+ (а-1х’ 


1. ҚеайР, х; 


A 


Феу 1 


В 


3. Assume Г 


( 4. Ф} Р} (РР); 











7. First trial? 


8. Ху; = constant? 


NO 


NO 


A 


9. By = 1? 


( END 
10. Print Т, y; 


Figure 13.5. Calculation diagram for bubblepoint temperature 
(Walas, Phase Equilibria in Chemical Engineering, Butterworths, 
Stoneham, MA, 1985). 





the integral becomes 





L 1 х(1- xg) 1-х 
Я а: (13.58) 
MULTICOMPONENT MIXTURES 


Simple distillation is not the same as flashing because the vapor is 
removed out of contact with the liquid as soon as it forms, but the 
process can be simulated by a succession of small flashes of residual 
liquid, say 1% of the original amount each time. After n intervals, 





EXAMPLE 13.3 
Bubblepoint Temperature with the Virial and Wilson 
Equations 


А mixture of acetone (1) + butanone (2) + ethylacetate (3) with the 
composition x, = х, = 0.3 and х; = 0.4 is at 20atm. Data for the 
system such as vapor pressures, critical properties, and Wilson 
coefficients are given with a computer program in Walas (1985, p. 
325). The bubblepoint temperature was found to be 468.7 K. Here 
only the properties at this temperature will be quoted to show 
deviations from ideality of a common system. The ideal and real K; 
differ substantially. 
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the amount of residual liquid F is 
F = Го (1 — 0.01n) (13.59) 


and 


y 0.01L, 0.01 
Е (1-0.01n)L, 1—0.01n' 








B (13.60) 


Then the flash equation (13.42) becomes a function of temperature, 


Zi 
1)/(1 — 0.017) 








f(T)=-14+ X ток = 0. (13.61) 


Here 2; is the composition at the end of interval я and К, also may 
be taken at the temperature after interval n. The composition is 
found by material balance as 


Lz, = Loi — 0.01и)2, = Lj zo -0.01 У A! (13.62) 
k=1 


where each composition у, of the flashed vapor is found from Eqs. 
(13.44) and (13.45) 


K;z 
1-4 0.01(K; — 1)/(1 — 0.017) 





у= KX, = (13.63) 


and is obtained during the process of evaluating the temperature 
with Eq. (13.61). The VERs must be known as functions of 
temperature, say with Eq. (13.25). 


13.4. BINARY DISTILLATION 


Key concepts of the calculation of distillation are well illustrated by 
analysis of the distillation of binary mixtures. Moreover, many real 
systems are essentially binary or can be treated as binaries made up 
of two pseudo components, for which it is possible to calculate 
upper and lower limits to the equipment size for a desired 
separation. 

The calculational base consists of equilibrium relations and 
material and energy balances. Equilibrium data for many binary 
systems are available as tabulations of x vs. y at constant 
temperature or pressure ог in graphical form as on Figure 13.4. 
Often they can be extended to other pressures or temperatures or 
expressed in mathematical form as explained in Section 13.1. 
Sources of equilibrium data are listed in the references. Graphical 
calculation of distillation problems often is the most convenient 





Component on" М oU Y 
1 0.84363 0.84353 1.00111 1.00320 
2 0.79219 0.79071 1.00186 1.35567 
3 0.79152 0.78356 1.00785 1.04995 
Component Kidea Koai y 

1 1.25576 1.25591 0.3779 

2 0.72452 0.98405 0.2951 

3 0.77266 0.81762 0.3270 
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method, but numerical procedures may be needed for highest 
accuracy. 


MATERIAL AND ENERGY BALANCES 


In terms of the nomenclature of Figure 13.6, the balances between 
stage n and the top of the column are 


Уа = Dax, + Dxp, (13.64) 
Уа а = Lah, + Dho + Q. (13.65) 
=L,h, + DQ", (13.66) 

where 
Q'-hp4 Q./D (13.67) 


is the enthalpy removed at the top of the column per unit of 
overhead product. These balances may be solved for the 
liquid/vapor ratio as 


L, Уһ 7*p_ о ~ Asi 
Уы Xn Хр Q'-h, 








(13.68) 


and rearranged as a combined material and energy balance as 








L, Уһ+1 Хр Bai hs 


: 13. 
Уі Хы” Хр " Q' А, ^ ( ш 


а.-0,/0 







Total condenser 
D, xy, hy 


Reboiler 


B, Xa; Ив 


Figure 13.6. Model of a fractionating tower. 


Similarly the balance between plate m below the feed and the 
bottom of the column can be put in the form 


"—H, Лат Ay 
жа ag, (13.70) 
m+ m+ 
where 
Q" = һь == Q,/B (13.71) 


is the enthalpy removed at the bottom of the column per unit of 
bottoms product. 

For the problem to be tractable, the enthalpies of the two 
phases must be known as functions of the respective phase 
compositions. When heats of mixing and heat capacity effects are 
small, the enthalpies of mixtures may be compounded of those of 
the pure components; thus 


H — yH, * (1 7 y)H,, 
h= xh, + (1— x), 


(13.72) 
(13.73) 


where H, and H, are vapor enthalpies of the pure components at 
their dewpoints and A, and h, are corresponding liquid enthalpies at 
their bubblepoints. 

Overall balances are 


Е=р +В, (13.74) 
Fz, = Dxp + Вхь, (13.75) 
FH; = Dhp + Bhp. (13.76) 


In the usual distillation problem, the operating pressure, the 
feed composition and thermal condition, and the desired product 
compositions are specified. Then the relations between the reflux 
rates and the number of trays above and below the feed can be 
found by solution of the material and energy balance equations 
together with a vapor-liquid equilibrium relation, which may be 
written in the general form 

б, Yn) = 0. (13.77) 
The procedure starts with the specified terminal compositions and 
applies the material and energy balances such as Eqs. (13.64) and 
(13.65) and equilibrium relations alternately stage by stage. When 
the compositions from the top and from the bottom agree closely, 
the correct numbers of stages have been found. Such procedures 


will be illustrated first with a graphical method based on constant 
molal overflow. 


CONSTANT MOLAL OVERFLOW 


When the molal heats of vaporization of the two components are 
equal and the tower is essentially isothermal throughout, the molal 
flow rates L, and V, remain constant above the feed tray, and L,, 
and V,, likewise below the feed. The material balances in the two 
sections are 





L 
мазут p Xn +ү e (13.64) 
n+ nt 
Lin B 
Уһ = m Xm+1 ту Хв: (13.78) 


The flow rates above and below the feed stage are related by the 
liquid-vapor proportions of the feed stream, or more generally by 
the thermal condition of the feed, 4, which is the ratio of the heat 


required to convert the feed to saturated vapor апа the heat of 
vaporization, that is, 

q = (HF — Нь)/(АН) yap: (13.79) 
For instance, for subcooled feed q > 1, for saturated liquid q = 1, 


and for saturated vapor 4 —0. Upon introducing also the reflux 
ratio 


R=L,/D, (13.80) 
the relations between the flow rates become 

L,, = L,+qF = Кр + дЕ, (13.81) 

V, =L,-8=RD+ дЕ – В. (13.82) 


Equation: 














x, mole fraction of more volatile component in liquid 


(a) 





у, mole fraction of more volatile component in vapor 





F Xg 


(а) 
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Accordingly, the material balances may be written 
__R i 1 
YERI” Eq 


__ По | B | 
Ер +qF—-B°™*! RD+qF-B? 


(13.83) 


(13.84) 


The coordinates of the point of intersection of the material 
balance lines, Eqs. (13.83) and (13.84), are located on a ‘“‘q-line” 
whose equation is 


4 xt 1 
4-1 4-1 








ут Xp. (13.85) 


Figure 13.7(b) shows these relations. 





> Operating 
line 


Жо / (Rin + 1) 





Figure 13.7. Features of McCabe- Thiele diagrams for constant molal overflow. (a) Operating line equations and construction and minimum 
reflux construction. (b) Orientations of q-lines, with slope = q/(g - 1), for various thermal conditions of the feed. (с) Minimum trays, total 
reflux. (d) Operating trays and reflux. (c) Minimum reflux determined by point of contact nearest xp. 
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BASIC DISTILLATION PROBLEM 


The basic problem of separation by distillation is to find the 
numbers of stages below and above the feed stage wben the 
quantities хр, Хр, xg, F, D, B, and R are known together with the 
phase equilibrium relations. This means that all the terms in Eqs. 
(13.83) and (13.84) are to be known except the running x's and y's. 
The problem is solved by starting with the known compositions, хр 
and x5, at each end and working one stage at a time towards the 
feed stage until close agreement is reached between the pairs 
(Sns Yn) and (x,,, Ym). The procedure is readily implemented on a 
programmable calculator; a suitable program for the enriching 
section is included in the solution of Example 13.4. A graphical 
solution is convenient and rapid when the number of stages is not 
excessive, which depends on the scale of the graph attempted. 

Figure 13.7 illustrates various aspects of the graphical method. 
A minimum number of trays is needed at total reflux, that is, with 
no product takeoff. Minimum reflux corresponds to a separation 
requiring an infinite number of stages, which is the case when the 
equilibrium curve and the operating lines touch somewhere. Often 
this can occur on the q-line, but another possibility is shown on 
Figure 13.7(e). The upper operating line passes through point 
(xp, хь) and x5 /(R + 1) on the left ordinate. The lower operating 
line passes through the intersection of the upper with the q-line and 
point (хв, xg). The feed tray is the one that crosses the intersection 
of the operating lines on the q-line. The construction is shown with 
Example 13.5. Constructions for cases with two feeds and with two 
products above the feed plate are shown in Figure 13.8. 


Optimum Reflux Ratio. The reflux ratio affects the cost of the 
tower, both in the number of trays and the diameter, as well as the 
cost of operation which consists of costs of heat and cooling supply 
and power for the reflux pump. Accordingly, the proper basis for 
choice of an optimum reflux ratio is an economic balance. The 
sizing and economic factors are considered in a later section, but 
reference may be made now to the results of such balances 
summarized in Table 13.3. The general conclusion may be drawn 
that the optimum reflux ratio is about 1.2 times the minimum, and 
also that the number of trays is about 2.0 times the minimum. 
Although these conclusions are based on studies of systems with 
nearly ideal vapor—liquid equilibria near atmospheric pressure, they 
often are applied more generally, sometimes as a starting basis for 
more detailed analysis of reflux and tray requirements. 


Azeotropic and Partially Miscible Systems. Azeotropic mix- 
tures are those whose vapor and liquid equilibrium compositions are 
identical. Their х-у lines cross or touch the diagonal. Partially 
miscible substances form a vapor phase of constant composition 
over the entire range of two-phase liquid compositions; usually the 
horizontal portion of the х-у plot intersects the diagonal, but those 
of a few mixtures do not, notably those of mixtures of 
methylethylketone and phenol with water. Separation of azeotropic 
mixtures sometimes can be effected in several towers at different 
pressures, as illustrated by Example 13.6 for ethanol-water 
mixtures. Partially miscible constant boiling mixtures usually can be 
separated with two towers and a condensate phase separator, as 
done in Example 13.7 for n-butanol and water. 


UNEQUAL MOLAL HEATS OF VAPORIZATION 


Molal heats of vaporization often differ substantially, as the few 
data of Table 13.4 suggest. When sensible heat effects are small, 
however, the condition of constant molal overflow still can be 
preserved by adjusting the molecular weight of one of the 
components, thus making it a pseudocomponent with the same 


molal heat of vaporization as the other substance. The х-у diagram 
and all of the compositions also must be converted to the adjusted 
molecular weight. Example 13.5 compares tray requirements on the 
basis of true and adjusted molecular weights for the separation of 
ethanol and acetic acid whose molal heats of vaporization are in the 
ratio 1.63. In this case, the assumption of constant molal overflow 
with the true molecular weight overestimates the tray requirements. 
A more satisfactory, but also more laborious, solution of the 
problem takes the enthalpy balance into account, as in the next 
section. 


MATERIAL AND ENERGY BALANCE BASIS 


The enthalpies of mixtures depend on their compositions as well as 
the temperature. Enthalpy-concentration diagrams of binary 
mixtures, have been prepared in general form for a few important 
systems. The most comprehensive collection is in Landolt-Bórnstein 
[IV4b, 188, (1972)] and a few diagrams are in Chemical Engineers 
Handbook (1984), for instance, of ammonia and water, of ethanol 
and water, of oxygen and nitrogen, and some others. Such diagrams 
are named after Merkel. 

For purposes of distillation calculations, a rough diagram of 
saturated vapor and liquid enthalpy concentration lines can be 
drawn on the basis of pure component enthalpies. Even with such a 
rough diagram, the accuracy of distillation calculation can be much 
superior to those neglecting enthalpy balances entirely. Example 
13.8 deals with preparing such a Merkel diagram. 

А schematic Merkel diagram and its application to distillation 
calculations is shown in Figure 13.9. Equilibrium compositions of 
vapor and liquid can be indicated on these diagrams by tielines, but 
are more conveniently used with associated x—y diagrams as shown 
with this figure. Lines passing through point P with coordinates 
(хр, Q") are represented by Eq. (13.69) and those through point Q 
with coordinates (хр, О") by Eq. (13.70). Accordingly, any line 
through P to the right of PQ intersects the vapor and liquid 
enthalpy lines in corresponding (x,,y,,,) and similarly е 
intersections of random lines through Q determine corresponding 
(х,„+1› Ул): When these coordinates are transferred to the x-y 
diagram, they determine usually curved operating lines. Figure 
13.9(b) illustrates the stepping off process for finding the number of 
stages. Points P, F, and Q are collinear. 

The construction for the minimum number of trays is 
independent of the heat balance. The minimum reflux corresponds 
to a minimum condenser load Q and hence to a minimum value of 
Q'-—hy + Q,/D. Yt can be found by trial location of point P until 
an operating curve is found that touches the equilibrium curve. 


ALGEBRAIC METHOD 


Binary systems of course can be handled by the computer programs 
devised for multicomponent mixtures that are mentioned later. 
Constant molal overflow cases are handled by binary computer 
programs such as the one used in Example 13.4 for the enriching 
section which employ repeated alternate application of material 
balance and equilibrium stage-by-stage. Methods also are available 
that employ closed form equations that can give desired results 
quickly for the special case of constant or suitable average relative 
volatility. 


Minimum Trays. This is found with the Fenske- Underwood 
equation, 


Nas In[xp (1 — x4)/xa(1 — хь)] 
па 





(13.86) 
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EXAMPLE 13.4 

Batch Distillation of Chlorinated Phenols 
A mixture of chlorinated phenols can be represented as an 
equivalent binary with 90% 2,4-dichlorphenol (DCP) and the 
balance 2,4,6-trichlorphenol with a relative volatility of 3.268. 
Product purity is required to be 97.5% of the lighter material, and 
the residue must be below 20% of 2,4-DCP. It is proposed to use a 
batch distillation with 10 theoretical stages. Vaporization rate will 
be maintained constant. 


a. For operation at constant overhead composition, the variations 
of reflux ratio and distillate yield with time will be found. 

b. The constant reflux ratio will be found to meet the overhead and 
bottoms specifications. 


а. Ағ constant overhead composition, уһ = 0.975: The 
composition of the residue, хі, is found at a series of reflux ratios 
between the minimum and the value that gives a residue com- 
position of 0.2. 




















19 1 Examrle 12.9. Distillation 
Bt constant Yd 
zø R-3.268 
38 OFTIGN BASE 1 
46 DIM к<18>,Ұ6122 
528 үсізш.9У75 
ей INPUT E 
74 FOR Н=1 TO 18 
Sá ЕМ:=ТИСЯИТЕНЗ-Я+1} 
ай YCN+L siz CR +L RC REK CHO FET C153 
166 НЕХТ HN 
lið Z-r£Yrci»-.95»2i0vY£c15-XX1B»550 | = 
ива 
128 Іс«Векіо»/СҮсіз-кеійоуозег ! Int 
egrand of Ea 4 
138 PRINT USING 148 ; Р,хс1йо,7, 
I 
i446 IMAGE 0. 0000,25, .рроп, 2х, 0.0 
000, 2х, 000. 00000 
158 GOTO 68 
168 END 
R хр L/L, 
21174 ‚зай 1.9181 
.15ай . 8915 .8989 
. 28988 .8T6i .7 585 
2508 ВЭТ 6382 
.3ü8d8 ‚8341 28321 
3504 . 8869 ‚4461 
4AA .7 768 3768 
.45ай .РЧЕР ‚зага 
Ea e 7069 ‚төт 
6337 2818 
.5694 1849 
.5111 .1617 
. 4613 21468 
1.8608 . 4191 „144959 
1.26648 3529 „1286 
1.4688 348 .1118 
1. Бава 2667 .1853 
1. Байа 2375 .1817 
2 пава 2141 .B986 
2.1488 2882 „ASEZ 





With q = 1 and x, = 0.9, 


ax 3.268(0.9) 





Тата, 142.268(0.9) 99 
0.975 — 0.9671 

R,,/(Rn + 1) = 70975-09 = 0.1051, 

^R, = 0.1174. 


Тһе btms compositions at a particular value of К are found by 
successive applications of the equations 


EN 
i aca D ы 
R 1 
Wna рт рур" (2) 


Start with y, = ур = 0.975. The calculations are performed with 
the given computer program and the results are tabulated. The 
values of L/L, are found by material balance: 


L/L = (0.975 — 0.900)/(0.975 — xz) (3) 
Тһе values of V/Ly are found with Eq. (13.111). 
У = К-+1 
—=(р-х — dx 
Lo 0» Lo) Ly Op -xy g 
“= К+1 
= (0.975 — 0.900 | — adr- (4) 
( ) „о (0.975 -x 4 


From the tabulation, the cumulative vaporization is 
V /Lo = 1.2566. 


The average reflux ratio is 

















ЕВ жек Vh a 
D D Ly-L 1-1,1 
1.2566 

= Tp 006g t= 9.3913. 

Integrand ұл, t/t 
195 69673 9.9400 6.088 
163.17386 ‚1146 . 991 
122.74013 .e828 .224 

BS. 94212 24333 2345 

Bo. 42745 . 5675 2452 

rT.?59229 ESZA . 544 

35.33250 Jf PSs ‚Бай 

256.75595 . 2320 . 633 

сей 36425 . 9218 . 733 

13.89632 1.8138 287 

18.332322 1.9241 .855 

8.36392 1.1158 ‚ӨЗҮ 

7.201328 і ізде . 91а 

6.47313 1.1657 .З28 

2.68386 1.1953 ‚Эз 

3.32975 1.2166 .5&8 

5.18287 1.2388 ета 

2.1434? 1.2421 ‚ев 

9.168122 1.2511 28965 

5.23097 1.2566 1.888 
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EXAMPLE 13.4—(continued) 


This is less than the constant reflux, В = 0.647, to be found in 
part b. 

At constant vaporization rate, the time is proportional to the 
cumulative vapor amount: 








t 

== = Ò 5 

t Маа 1.2566 б) 
Also 

D/Lo=1-L/Lpo. (6) 


From these relations and the tabulated data, D/L) and R are 
plotted against reduced time f/f. 

b. At constant reflux: A reflux ratio is found by trial to give an 
average overhead composition yj = 0.975 and a residue composi- 
tion ху = 0.2. The average overhead composition is found with 
material balance 


Ур = [хо — (-/ Lo)x; а — L/ Lo). (7) 
The value of L/L, is calculated as a function of yp from 
L ES 
п--- pes 8 
Lo JooYp—Xr (8) 
1 2.5 
0.8 2 
0.6 1.5 
0.4 1 
0.2 0.5 
и 
0 
0 0.2 0.4 0.6 0.8 19 
Ut 
iB ! Example 13.9. Distillation 


at conztant reflux 

za A=2.268 

за ПЕТІПМ BASE i 

аа DIM хс10;,ҮС119 

56 IHPUT R ! reflux ratio 

Єй IHPLUT Үкі» 

Tra FOR М=1 TO 19 

BA HCHO =L-CA“YCHI-A4+1 3 

эй YCHF1 HL CRF L X REKEN? +Y C132 
iam NEAT Н 

114 [=] кста» 
12а DISP USING 130 

1 
IMAGE 00000, 2х, . 0000. 25, 00. 
0000 

COTO ва 

ЕНО 


YCIO NCIBD, 
іза 


- EA 
un 
md 


At a trial value of R, values of х,о are found for a series of assumed 
yp's until хі equals or is less than 0.20. The given computer 
program is based on Eqs. (1) and (2). The results of two trials and 
interpolation to the desired bottoms composition, x, = 0.200, are 


R 0.6 0.7 0.647 
X, 0.2305 0.1662 0.200 


Ур х Hyp ~ x) L/ Lo fo 
Reflux ratio R = 0.6 

0.99805 0.9000 10.2035 

0.99800 0.8981 10.0150 0.9810 

0.99750 0.8800 8.5127 0.8295 

0.99700 0.8638 7.5096 0.7286 

0.99650 0.8493 6.7917 0.6568 

0.99600 0.8361 6.2521 0.6026 

0.99550 0.8240 5.8314 0.5602 

0.99500 0.8130 5.4939 0.5263 

0.99400 0.7934 4.9855 0.4750 

0.99300 0.7765 4.6199 0.4379 

0.99200 0.7618 4.3436 0.4100 

0.99100 0.7487 4.1270 0.3879 

0.99000 0.7370 3.9522 0.3700 

0.98500 0.6920 3.4135 0.3135 

0.98000 0.6604 3.1285 0.2827 

0.97500 0.6357 2.9471 0.2623 

0.97000 0.6152 2.8187 0.2472 

0.96500 0.5976 2.7217 0.2354 
0.96000 0.5819 2.6450 0.2257 
0.95500 0.5678 2.5824 0.2176 

0.95000 0.5548 2.5301 0.2104 
0.90000 0.4587 2.2662 0.1671 

0.85000 0.3923 2.1848 0.1441 

0.80000 0.3402 2.1751 0.1286 
0.75000 0.2972 2.2086 0.1171 

0.70000 0.2606 2.2756 0.1079 0.9773 
0.65000 0.2286 2.3730 0.1001 0.9746 
0.60000 0.2003 2.5019 0.0933 0.9720 

Reflux ratio R =0.7 

0.99895 0.9000 10.1061 

0.99890 0.8963 9.7466 0.9639 

0.99885 0.8927 9.4206 0.9312 

0.99880 0.8892 9.1241 0.9015 

0.99870 0.8824 8.5985 0.8488 

0.99860 0.8758 8.1433 0.8032 

0.99840 0.8633 7.4019 0.7288 

0.99820 0.8518 6.8306 0.6716 
0.99800 0.8410 6.3694 0.6254 

0.99700 0.7965 4.9875 0.4857 

0.99600 0.7631 4.2937 0.4160 

0.99500 0.7370 3.8760 0.3739 

0.99400 0.7159 3.5958 0.3456 

0.99300 0.6983 3.3933 0.3249 

0.99200 0.6835 3.2415 0.3094 

0.99100 0.6076 2.6082 0.2969 

0.99000 0.6594 3.0248 0.2869 

0.98000 0.5905 2.5674 0.2366 

0.97000 0.5521 2.3929 0.2151 

0.96000 0.5242 2.2946 0.2015 

0.95000 0.5013 2.2287 0.1913 
0.94000 0.4816 2.1815 0.1832 
0.93000 0.4639 2.1455 0.1763 

0.32000 0.4479 2.1182 0.1704 
0.91000 0.4334 2.0982 0.1652 

0.90000 0.4193 2.0803 0.1605 

0.85000 0.3611 2.0454 0.1423 

0.80000 0.3148 2.0610 0.1294 
0.75000 0.2761 2.1101 0.1194 
0.70000 0.2429 2.1877 0.1112 

0.65000 0.2137 2.2920 0.1041 

0.60000 0.1877 2.4254 0.0979 0.9773 
0.55000 0.1643 2.5927 0.0923 0.9748 
0.50000 0.1431 2.8019 0.0872 0.9723 
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EXAMPLE 13.5. 

Distillation of Substances with Widely Different Molal Heats of 

Vaporization 
The molal heats of vaporization of ethanol and acetic acid are 9225 
and 5663 cal/g mol. A mixture with ethanol content of хь = 0.50 is 
to be separated into products with xş=0.05 and хр = 0.95. 
Pressure is 1 atm, feed is liquid at the boiling point, and the reflux 
ratio is to be 1.3 times the minimum. The caiculation of tray 
requirements is to be made with the true molecular weight, 60.05, 
of acetic acid and with adjustment to make the apparent molal heat 
of vaporization the same as that of ethanol, which becomes 


60.05(9225/5663) — 98.14. 


Тһе adjusted mol fractions, x' and y', are related to the true ones 
by 


, 


х = x f y 
х+0.6119а-х)’ 7 у+0.6119(1—у)` 





Тһе experimental and converted data are tabulated following and 
plotted on McCabe- Thiele diagrams. The corresponding composi- 
tions involved in this distillation are: 


Ха = 0.05, хр = 0.0792 

хе- 0.50, хы- 0.6204 

Хр = 0.95, хь = 0.9688 

х y x' y 

0.0550 0.1070 0.0859 0.1638 
0.0730 0.1440 0.1140 0.2156 
0.1030 0.1970 0.1580 0.2862 
0.1330 0.2740 0.2004 0.3815 
0.1660 0.3120 0.2454 0.4257 
0.2070 0.3930 0.2990 0.5141 
0.2330 0.4370 0.3318 0.5592 
0.2820 0.5260 0.3908 0.6446 
0.3470 0.5970 0.4648 0.7077 
0.4600 0.7500 0.5820 0.8306 
0.5160 0.7930 0.6353 0.8623 
0.5870 0.8540 0.6990 0.9053 
0.6590 0.9000 0.7595 0.9363 
0.7280 0.9340 0.8139 0.9586 
0.6160 0.9660 0.8788 0.9789 
0.9240 0.9900 0.9521 0.9939 


In terms of the true molecular weight, minimum reflux is given by 


Xp/(Rmin + 1) = 0.58, 
whence 


R,, = 0.6379, 
R = 1.3(0.6379) = 0.8293, 

xp/(R + 1) = 0.5193, 

хЪ/(Ё + 1) = 0.5296. 


Taking straight operating lines іп each case, the numbers of trays 





are 


М = 11.0 with true molecular weight of acetic acid, 
М' = 9.8 with adjusted molecular weight. 


In this case it appears that assuming straight operating lines, 
even though the molal heats of vaporization are markedly different, 
results in overestimation of the number of trays needed for the 
separation. 





1 





0.5 


9 True molecular weight 
e Adjusted mol wt 
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b. Construction with adjusted molecular weight, N — 9.8. 
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Slope = q/ (q- 1) 
Моо» 
\ 








А, 


9/(9-1)\ 
ч / (4-17 






р D 
В/ (А + 1) a Slope RD 








F,, 4, 
For 9 
RD + qF 
(R+1)D4+(1-q)F 
B 
ха х, Xe Xe, X5 
(b) 
D, 
В / (В +1) = Slope RD, 
D; 
F,q 
B 
Xg ХЕ Xp, Xp, 
(c) 


Figure 13.8. Operating and q-line construction with several feeds and top 
products. (a) One feed and one overhead product. (b) Two feeds and one 
overhead product. (c) One feed and two products from above the feed point. 
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TABLE 13.3. Economic Optimum Reflux Ratio for Typical Petroleum Fraction Distillation near 1 atm? 


Factor for optimum reflux 











F=(Roo/ Rm) — 1 Factor for optimum trays 
Ropt 0 + AR, А/М 
М. = 10 Nn =20 Nn = 50 М,-10 №, =20 №, =50 
Bm Rm Rm Rm Rm B, 
1 3 10 1 3 10 1 10 Тю 10 110 10 1110 
Base case 0.20 0.12 0.10 0.24 0.17 0.16 0.31 0.21 24 2.3 2.1 
Payout time 
1yr 0.24 0.14 0.12 0.28 0.20 0.17 0.37 0.24 2.2 2.1 2.0 
Payout time 
Буг 0.13 0.09 0.07 0.17 0.13 0.10 0.22 0.15 2.7 2.5 2.2 
Steam cost 
$0.30/М Ib 0.22 0.13 0.11 0.27 0.16 0.14 0.35 0.22 2.3 2.1 2.0 
Steam cost 
$0.75/M Ib 0.18 0.11 0.09 0.21 0.13 0.11 0.29 0.19 2.5 2.3 2.1 
G, =50 
Ib mole/(hr)(sqft) 0.06 0.04 0.03 0.08 0.06 0.05 0.13 0.08 3.1 2.8 2.4 


*The "base case" is for payout time of 2 yr, steam cost of $0.50/1000 Ib, vapor flow rate G, = 15 Ib mol/(hr)(sqft). 
Although the capital and utility costs are prior to 1975 and are individually far out of date, the relative costs are roughly 
the same so the conclusions of this analysis are not far out of line. Conclusion: For systems with nearly ideal VLE, R is 
approx. 1.2R min and N is approx. 2.0N min: 

(Happel and Jordan, Chemical Process Economics, Dekker, New York, 1975). 











Minimum Reflux. Underwood's method employs two rela- Then R,, is found by substitution into 
tions. First an auxiliary parameter Ө is found in the range 1 < 0 < «œ 
by solving ах 1-Хр 
Е,--142 265126: (13.91) 
а (13.87) Р те u 
а-0 1-6 Formulas for the numbers of trays in the enriching and stripping 
or sections at operating reflux also are due to Underwood (Trans. Inst. 
(1— 4)6? + (а- (хы + q(« + 1) – а] — ад = 0, (13.88) Chem. Eng. 10, 112-152, 1932). For above the feed, these groups 
of terms are defined: 
or in two important special cases: 
K,=L,/V,=R/(R +1), (13.92) 
wheng=0, б6-а- (а - хь (13.89) ф, = К, (а г 1)/(Kı& zs 1). (13.93) 
a 
= ө = ‘ X "m 
lu =], (а —1)х„+1 (13.20) Then the relation between the compositions of the liquid on tray 1 


EXAMPLE 13.6 

Separation of an Azeotropic Mixture by Operation at Two 

Pressure Levels 
At atmospheric pressure, ethanol and water form an azetrope with 
composition x = 0.846, whereas at 95 Torr the composition is about 
x=0.94. As the diagram shows, even at the lower pressure the 
equilibrium curve hugs the х=у line. Accordingly, а possibly 
feasible separation scheme may require three columns, two 
operating at 760 Torr and the middle one at 95 Torr, as shown on 
the sketch. The basis for the material balance used is that 99% of 


7 


——— 4 
Waste 





8 
the ethanol fed to any column is recovered, and that the EE 
ethanol-rich products from the columns have x —0.8, 0.9, апа SUE | y Product, 
0.995, resp. Waste х = 0.995 


Although these specifications lead to only moderate tray and 
reflux requirements, in practice distillation with only two towers and 
the assistance of an azeotropic separating agent such as benzene is 1 2 3 а 5 6 7 8 
found more economical. Calculation of such a process is made by Ethanol 5 5.05000 4.9995 0.05050 4.949500 0.049995 0.04950 4.90000 
Robinson and Gilliland (1950, p. 313). Water 95 95.69992 1.24987 94.45005 0.54994 0.69993 0.52532 0.02462 
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EXAMPLE 13.6—(continued) 1 









Mo! fraction ethanol in vapor 


0 02 04 06 08 10 
Mol fraction ethanol in liquid 


09- 





У вала 


0.8 0.9 1 


х 
ethanol 
Ethanol-water vapor-liquid equilibria at 95 and 760 Torr. 








EXAMPLE 13.7 

Separation of a Partially Miscible Mixture 
Water and n-butanol in the concentration range of about 
50-98.1 mol % water form two liquid phases that boil at 92.7°С at 
one atm. On cooling to 40°С, the hetero-azeotrope separates into 
phases containing 53 and 98 mol % water. 

A mixture containing 12 mol % water is to be separated by 
distillation into products with 99.5 and 0.5 mol % butanol. The 
accompanying flowsketch of a suitable process utilizes two columns 
with condensing-subcooling to 40°С. Тһе 5346 saturated solution is 
refluxed to the first column, and the 98% is fed to the second 
column. The overhead of the second column contains a small 
amount of butanol that is recycled to the condenser for recovery. 
The recycle material balance is shown with the sketch. 

The three sets of vapor-liquid equilibrium data appearing on 
the х-у diagram show some disagreement, so that great accuracy 
cannot be expected from determination of tray requirements, 
particularly at the low water concentrations. The upper operating 
line in the first column is determined by the overall material balance 
so it passes through point (0.995, 0.995), but the initial point on the 
operating line is at x — 0.53, which is the composition of the reflux. 
The construction is shown for 50% vaporized feed. That result and 
those for other feed conditions are summarized: 





1 2 3 4 5 6 7 8 


а В, В,-138, М Water 12 0.44 18.4139 0.7662 19.1801 6.8539 12.3262 11.56 


1 2.02 2.62 12 88 87.94 6.1379 0.1916 6.3295 6.0779 0.2516 0.06 
Butanol 
0.5 5.72 7.44 8 100 88.38 24.5518 0.9578 25.5096 12.3318 12.5778 11.62 


9 9.70 12.61 6 % Water 12 0.5 75 80 75.19 53 98 99.5 





EXAMPLE 13.7—(continued) 


In the second column, two theoretical trays are provided and 
are able to make а 99.6 mol % water waste, slightly better than the 
99.5 specified. The required L/V is calculated from compositions 
read off the diagram: 


L/V = (0.966 — 0.790)/(0.996 — 0.981) = 13.67. 
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И live steam were used instead of indirect heat, the bottoms 
concentration would be higher in water. This distillation is studied 
by Billet (1979, p. 216). Stream compositions are given below the 
flowsketch. 





0.85 


0.8 





0.75 


x, mol fraction water in liquid 


Equilibrium stage requirements for the separation of water and n-butanol. 





and that on tray n is 


ES 1/0 —x1) — Ф; 
1/0 = xn) - Ф. 
Since the overhead composition xp is the one that is specified rather 


than that of the liquid on the top tray, хі, the latter is eliminated 
from Eq. (13.94). The relative volatility definition is applied 


(Kia (13.94) 











=e = 2: (13.95) 
from which 
1  xp-ta(l-xp) 
1-х, a(—xp) (1330) 
With this substitution, Eq. (13.94) becomes 
(Kia) - [xp + «(1 = Xp) Val xu Xp) ~ $i : (13.97) 





ша =) 7 Ф; 


The number of trays above the feed plus Ще feed tray is obtained 
after substituting the feed composition x; for х,. 
Below the feed, 


K,=V,,/L, = (RD + qF – B)/(RD + qF), 
ф»= (а — 1)/(K;a — 1). 


(13.98) 
(13.99) 


The relation between the compositions at the bottom and at tray т 
is 


(К,а)” = 1/хв = $5 


о. (13.100) 


Тһе number of trays below the feed plus the feed tray is found after 
replacing x,, by хь. The number of trays in the whole column then 
is 

М-т-п-1. (13.101) 


Example 13.9 applies these formulas. 
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TABLE 13.4. Molal Heats of Vaporization at Their Normal 
Boiling Points of Some Organic Compounds 
That May Need To Be Separated from Water 


Molecular Weight 


Compound NBP (°C) cal/g mol True Adjusted” 
Water 100 9717 18.02 18.02 
Acetic acid 118.3 5663 60.05 103.04 
Acetone 56.5 6952 58.08 81.18 
Ethylene glycol 197 11860 62.07 50.85 
Phenol 181.4 9730 94.11 94.0 
n-Propanol 97.8 9982 60.09 58.49 
Ethanol 784 9255 46.07 48.37 


“Тһе adjustment of molecular weight is to make the molal heat 
of vaporization the same as that of water. 


13.5. BATCH DISTILLATION 


A batch distillation plant consists of a still or reboiler, a column 
with several trays, and provisions for reflux and for product 
collection. Figure 13.10(c) is a typical equipment arrangement with 
controls. The process is applied most often to the separation of 
mixtures of several components at production rates that are too 
small for a continuous plant of several columns equipped with 
individual reboilers, condensers, pumps, and control equipment. 


The number of continuous columns required is one less than the 
number of components or fractions to be separated. Operating 
conditions of a typical batch distillation making five cuts on an 8-hr 
cycle are in Figure 13.11. 

Operation of a batch distillation is an unsteady state process 
whose mathematical formulation is in terms of differential equations 
since the compositions in the still and of the holdups on individual 
trays change with time. This problem and methods of solution are 
treated at length in the literature, for instance, by Holland and 
Liapis (Computer Methods for Solving Dynamic Separation 
Problems, 1983, pp. 177-213). In the present section, a simplified 
analysis will be made of batch distillation of binary mixtures in 
columns with negligible holdup on the trays. Two principal modes 
of operating batch distillation columns may be employed: 


1. With constant overhead composition. The reflux ratio is adjusted 
continuously and the process is discontinued when the 
concentration in the still falls to a desired value. 

2. With constant reflux. A reflux ratio is chosen that will eventually 
produce an overhead of desired average composition and a still 
residue also of desired composition. 


Both modes usually are conducted with constant vaporization 
rate at an optimum value for the particular type of column 
construction. Figure 13.10 represents these modes оп McCabe- 
Thiele diagrams. Small scale distillations often are controlled 





EXAMPLE 13.8 

Enthalpy-Concentration Lines of Saturated Vapor and Liquid 

of Mixtures of Methanol and Water at a Pressure of 2atm 
A basis of 0°C is taken. Enthalpy data for methanol are in Chemical 
Engineers" Handbook (McGraw-Hill, New York, 1984, p. 3.204) 
and for water in Keenan et al. (Steam Tables: SI Units, Wiley, New 
York, 1978). 


Methanol: T = 82.8°С 

H, = 10,010 cal/g mol, 
h, = 1882 cal/g mol, 
AH, = 8128 cal/g mol, 


С,-22.7 cal/g mol °C. 


11652 


Vapor, H, 


10010 


H, h, —> 


Liquid, h, 





Xmethanol 1 


Т = 120.6°С 
Н, = 11, 652 cal/g mol, 
hz = 2180 cal/g mol, 
AH, — 9472 cal/g mol, 


Water: 


Experimental x-y data are available at 1 and 3 atm (Hirata, 1976, 
#517, #519). Values at 2 atm can be interpolated by eye. The lines 
show some overlap. Straight lines are drawn connecting enthalpies 
of pure vapors and enthalpies of pure liquids. Shown is the tie line 
for x 20.5, y 20.77. 
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Random lines to locate points 
on the operating lines 






Vapor 








(b) 


Figure 13.9. Combined McCabe- Thiele and Merkel enthalpy—concentration diagrams for binary distillation 
with heat balances. (a) Showing key lines and location of representative points on the operating lines. (b) 
Completed construction showing determination of the number of trays by stepping off between the 


equilibrium and operating lines. 


manually, but an automatic control scheme is shown in Figure 
13.10(c). Constant overhead composition can be assured by control 
of temperature or directly of composition at the top of the column. 
Constant reflux is assured by flow control on that stream. 
Sometimes there is an advantage in operating at several different 
reflux rates at different times during the process, particularly with 
multicomponent mixtures as on Figure 13.11. 


MATERIAL BALANCES 


Assuming negligible holdup on the trays, the differential balance 
between the amount of overhead, dD, and the amount L remaining 
in the still is 











yp dD = —yp dL = —d(Lx;) = —L dx, — x, dL, (13.102) 
which is integrated as 
XL 
in(L/Lj) = | ах. (13.103) 
Jxpg VD T Ж 


The differences у – х, depend on the number of trays in the 


column, the reflux ratio, and the vapor-liquid equilibrium 
relationship. For constant molal overflow these relations may be 
taken as 


R 1 
азға рату» (13.104) 
Yn = /(х„). (13.105) 
When the overhead composition is constant, Еа. 13.103 is 


integrable directly, but the same result is obtained by material 
balance, 


L _Yo7~*to 
Lo Yp-Xi. 


(13.106) 


With variable overhead composition, the average value is 


represented by the same overall balance, 


х0 (Ll Lo)x,, 


= 101) (13.107) 
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EXAMPLE 13.9 

Algebraic Method for Binary Distillation Calculation 
An equimolal binary mixture which is half vaporized is to be 
separated with an overhead product of 99% purity and 95% 
recovery. The relative volatility is 1.3. The reflux is to be selected 
and the number of trays above and below the feed are to be found 
with the equations of Section 13.4.6. 

The material balance is 











Component F D Xp B хь 
1 50 49.50 0.99 0.50 0.0100 
2 50 0.48 0.01 49.52 0.9900 
Total 100 49.98 50.02 
Minimum no. of trays, 
1n(0.99/0.01)(0.99/0.01) = 35.03. 
m In 1.3 


For minimum reflux, by Eqs. (13.88) and (13.91), 
0.58? + [0.3(0.5) + 0.5(2.3) — 1.3]@ — 1.3(0.5) = 0, 
0? = 1.3, 
8 = 1.1402, 


1.3(0.99) 0.01 
13-1140271-01402 
R=1.2R,, = 8.3775, 

К 
"R41 
0.8934(1.3 — 1) 
17 0,8934(1.3) —1 
1 — 0.99 + 1.3(0.01) 
Т= тау 


Е,--1% 








= 6.9813, 


К, = 0.8934, 


= 1.6608, 





21. 77.1538 — 1.6608 
п—1__ n-i 
Kia = (1.1614 =T- 0.5)— 1.6608 





222.56, 





^n = 3712, 
8.3775(49.98) + 0.5(100) – 50.02 _ 
К,= Т = 0.8933, 
1.3—1 
Фа 0.8933(1.3)- 1 | 1:8600, 
[0.8933(1.3)]" = 10.01 — 1.8600 _ 701.00, 


~ 1/0.5 — 1.8600 
7 m = 43.82, 
1 N=m+n—1=37.124 43.82—1=79.94 trays. 





but it is also necessary to know what reflux will result in the desired 
overhead and residue compositions. 

For constant overhead composition at continuously varied 
reflux ratios, the total vaporization is found as follows. The dif- 
ferential balance is 








dD = dV – а = (1 — dL/dV) aV (13.108) 
The derivative dL/dV is the slope of the operating line so that 
dL R 1 
1-я 1 Ral RiU (13.109) 


x 


(а) 


Substitution from Eqs. (13.103), (13.106), and (13.109) into Eq. 
(13.108) converts this into 


R+1 
dV = Іх, ўр) = 3 dx, 13.110 
о( 10 р) GL- 3p). L ( ) 
from which the total amount of vapor generated up to the time the 
residue composition becomes ху, is 


ты В+1 
Ху: 
ӯ») Е 


XLo (х, Е 


V = Lo(xy, — Fp) (13.111) 





(b) 


Figure 13.10. Batch distillation: McCabe- Thiele constructions and control modes. (a) Construction for constant 
overhead composition with continuously adjusted reflux rate. (b) Construction at constant reflux at a series of 
overhead compositions with an objective of specified average overhead composition. (c) Instrumentation for 
constant vaporization rate and constant overhead composition. For constant reflux rate, the temperature or 


composition controller is replaced by a flow controller. 
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Figure 13.10—(continued) 
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Figure 13.11. Operation of a batch distillation with five cuts. 
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At constant vaporization rate the time is proportional to the 
amount of vapor generated, or 

t= V/V ы: (13.112) 
Hence the reflux ratio, the amount of distillate, and the bottoms 
composition can be related to the fractional distillation time. This is 
done in Example 13.4, which studies batch distillations at constant 
overhead composition and also finds the suitable constant reflux 
ratio that enables meeting required overhead and residue 
specifications. Although the variable reflux operation is slightly 
more difficult to control, this example shows that it is substantially 
more efficient thermally—the average reflux ratio is much 
lower—than the other type of operation. 

Equation (13.97) can be used to find the still composition—x,, 
in that equation—at a particular reflux ratio in a column-reboiler 
combination with и stages. Example 13.4 employs instead a 
computer program with Equations (13.104) and (13.105). That 
procedure is more general in that a constant relative volatility need 
not be assumed, although that is done in this particular example. 


13.6 MULTICOMPONENT SEPARATION: GENERAL 
CONSIDERATIONS 


A tower comprised of rectifying (above the feed) and stripping 
(below the feed) sections is capable of making a more or less sharp 
separation between two products or pure components of the 
mixture, that is, between the light and heavy Кеу components. The 
light key is the most volatile component whose concentration is to 
be controlled in the bottom product and the Heavy key is the least 
volatile component whose concentration is to be controlled in the 
overhead product. Components of intermediate volatilities whose 
distribution between top and bottom products is not critical are 
called distributed keys. When more than two sharply separated 
products are needed, say п top and bottom products, the number of 
columns required will be n — 1. 

In some cases it is desirable to withdraw sidestreams of 
intermediate compositions from a particular column. For instance, 
in petroleum fractionation, such streams may be mixtures of 
suitable boiling ranges or which can be made of suitable boiling 
range by stripping in small auxiliary columns. Other cases where 
intermediate streams may be withdrawn are those with minor but 
critical impurities that develop peak concentrations at these 
locations in the column because of inversion of volatility as a result 
of concentration gradient. Thus, pentyne-1 in the presence of 
n-pentane in ап isoprene-rich С, cracked mixture exhibits this kind 
of behavior and can be drawn off as a relative concentrate at an 
intermediate point. In the rectification of fermentation alcohol, 
whose column profile is shown in Figure 13.12(a), undesirable esters 
and higher alcohols concentrate at certain positions because their 
solubilities are markedly different in high and low concentrations of 
ethanol in water, and are consequently withdrawn at these points. 

Most distilations, however, do not develop substantial 
concentration peaks at intermediate positions. Figure 13.12(b) is of 
normal behavior. 


SEQUENCING OF COLUMNS 


Тһе number n of top and bottom products from a battery of n — 1 
columns can be made in several different ways. In a direct method, 
the most volatile components are removed one-by-one as overheads 
in successive columns with the heaviest product as the bottoms of 
the last column. The number of possible ways of separating 
components goes up sharply with the number of products, from two 
arrangements with three products to more than 100 with seven 
products. Table 13.5 identifies the five possible arrangements for 
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Figure 13.12. Concentration profiles in two kinds of distillations. (a) Purifying column for fermentation alcohol; small streams with high 
concentrations of impurities are withdrawn as sidestreams (Robinson and Gilliland, Elements of Fractional Distillation, McGraw-Hill, New 


York, 1939 edition). (b) Typical concentration profiles in separation of light hydrocarbon mixtures when no substantial inversions of relative 
volatilities occur (Van Winkle, Distillation, McGraw-Hill, New York, 1967). 


separating four components with three columns. Such arrangements 
may differ markedly in their overall thermal and capital cost 
demands, so in large installations particularly a careful economic 
balance may be needed to find the best system. 


TABLE 13.5. The Five Possible Sequences for the 


Separation of Four Components ABCD by 
Three Columns 


Column 1 Column 2 Column 3 
Ovhd Btms Ovhd Btms Ovhd Btms 
A BCD B CD с D 
A BCD BC D B с 
АВ CD A B с D 
ABC D A BC B C 
ABC D AB C A B 


The literature of optimum sequencing of columns is referenced 
by King (1980, pp. 711-720) and Henley and Seader (1981, pp. 
527-555). For preliminary selection of псаг optimal sequences, 
several rules can be stated as guides, although some conflicts may 
arise between recommendations based on the individual rules. Any 
recommended cases then may need economic evaluations. 


1. Perform the easiest separation first, that is, the one least 
demanding of trays and reflux, and leave the most difficult to the 
last. 

2. When neither relative volatility nor concentration in the feed 
varies widely, remove the components one-by-one as overhead 
products. 

3. When the adjacent ordered components in the process feed vary 
widely in relative volatility, sequence the splits in the order of 
decreasing relative volatility. 

4. When the concentrations in the feed vary widely but the relative 


volatilities do not, sequence the splits to remove components іп 
the order of decreasing concentration in the feed. 


NUMBER OF FREE VARIABLES 


The performance of a given column or the equipment requirements 
for a given separation are established by solution of certain 
mathematical relations. These relations comprise, at every tray, 
heat and material balances, vapor—liquid equilibrium relations, and 
mol fraction constraints. In a later section, these equations will be 
stated in detail. For now, it can be said that for a separation of C 
components in a column of и trays, there still remain a number, 
C +6, of variables besides those involved in the cited equations. 
These must be fixed in order іо define the separation problem 
completely. Several different combinations of these С + 6 variables 
may be feasible, but the ones commonly fixed in column operation 
are the following: 

Name 


item Number of Variables 


feed rate 

feed composition 

feed enthalpy 

ratio of overhead and feed rates 
reflux enthalpy 

reflux ratio, L/D or L/V 

number of trays 

column pressure 


C- 


ONOQOAROUN = 
- A 24 23 Е l2 





C+6 


A common alternate specification is of the overhead and bottoms 
compositions expressed through distribution of the keys (two 
variables) as a replacement of items 4 and 7. 


13.7. ESTIMATION OF REFLUX AND NUMBER OF TRAYS 
(FENSKE-UNDERWOOD-GILLILAND METHOD) 


The first step in the design of distillation equipment is specification 
of the required distribution of light and heavy key components. 
Then the specific operating conditions and equipment size аге 
established, ultimately on the basis of an economic balance or 
simply by exercise of judgment derived from experience. The design 
parameters that need to be determined include intermediate ones 
such as limiting reflux and trays that are needed for establishing a 
working design. These design parameters are the following: 


1. Minimum number of theoretical trays, 

. Distribution of nonkeys between the overhead and bottoms 
products, 

. Minimum reflux, 

. Operating reflux, 

. Number of theoretical trays, 

. Location of the feed tray, 

. Tray efficiencies. 


bo 


-— GN сл 5 ш 


In packed towers, the variation of conditions from top to 
bottom is continuous and not interrupted as at trays. Nevertheless, 
it is convenient to speak of packing heights equivalent to a 
theoretical trav (НЕТО), so that tray tower theory can be applied 
to the design of packed towers. 

Ali of the values of this list can be established at least 
approximately by rapid shortcut methods. In some instances such 
values may be useful as final ones, but ordinarily they are for 
exploratory purposes or as a starting basis for a computer design. 
Computer design of fractionation is an iterative process which 
depends for rapid convergence on good starting estimates of the 
principal quantities. 
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The background of shortcut methods is well treated in the 
books of King (1980) and Henley and Seader (1981). Here attention 
will be directed to application of the techniques. These shortcut 
methods assume constant molal overflow in the rectifying and 
stripping zones and constant relative volatilities, which may be 
taken at the conditions of the feed tray or as a geometric mean of 
the values at the top and bottom of the column. Since the top 
conditions are not known completely in advance, evaluation of a 
mean relative volatility is an iterative process that can be started 
with the value at the feed tray or at the feed condition. Particular 
modes of variation of « sometimes are assumed. The method of 
Winn assumes that the vaporization equilibrium ratios vary as 


K= BK, 
or 
а= Ky/K,,— ВКР. 


(13.113) 
(13.114) 


Тһе constants В and д for the conditions of the tower are deduced 
from log-log plots of K’s, which usually are available for 
hydrocarbons and natural gas constituents but can be evaluated 
from 


К-уРр“УР, (13.115) 


with activity coefficient у of unity if no better information is known. 


MINIMUM TRAYS 


This is found from the relative volatility and the distribution of the 
keys between the overhead and bottoms by the Underwood-Fenske 
equation 


-In[Gp/xg)u/ Gp/xg)us] _ In(d b), a/b) 


Nn 
In(o,,/ ақ) Іп(ал/ 04) 


(13.116) 


In terms of the variation of VERs according to Eq. (13.113), 


ў In[((2/b),./ (d/b)2] 
nec In f 





(13.117) 


DISTRIBUTION OF NONKEYS 


А convenient approximation is that the distributions of nonkeys 
require the minimum number of trays as given by Eq. (13.116). 
Designating the nonkey by subscript nk, that equation becomes 


In(d/b) nx = In(d/b),, + Nm (о/о) 
or 
(d/b),, = (аЬ) „(а/о)“. 


(13.118) 


(13.119) 


The distribution of nonkeys actually depends somewhat оп the 
reflux ratio. For instance, in the case of Example 13.10, the 
distributions at minimum trays (total reflux) and minimum reflux 
are substantially different. Often it turns out, however, that the 
distributions predicted by Eq. (13.119) аге close to those at finite 
reflux whenever R is near 1.2R,,, which is ойеп near the economic 
value for the reflux ratio. Further discussion of this topic is by 
Hengstebeck (Distillation, 1961) and Stupin and Lockhart (1968) 
whose work is summarized by King (1980, p. 434). Knowledge of 
the complete distribution is needed for estimation of top and 
bottom temperatures and for determination of the minimum reflux 
by the method to be cited. 
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EXAMPLE 13.10 

Shortcut Design of Multicomponent Fractionation 
A mixture of the given composition and relative volatilities has a 
thermal condition 4 = 0.8 and a pressure of 10 аіт. It is to be 
fractionated so that 98% of component C and 1% of component E 
will appear in the overhead. The tray and reflux requirements are to 
be found. In the following table, the quantities in brackets are 
calculated in the course of the solution. f£, d;, and b; are the mols of 
component į per mol of total feed. 


в f d b 
A 3.1 0.03 [0.0300]  [1.5(E—5)] 
B 2.6 0.07 [0.0698] [0.0002] 
C ik 2.2 0.15 0.147 0.0030 
р 1.3 0.33 [0.0481]° 10.281917 
Dhk 1.0 0.30 0.003 0.297 
Е 0.8 0.12 [0.0000] 10.1200] 


а Тһе corrected distribution of component D 
will be found along with the minimum reflux. 


The minimum number of trays is 


in| 2-03 | 
0.003 / 0.297 


Мио 10.76 


The distribution of component A is found as 


FER 
bj; b д БЛ NO 
0.147 (3.11976 
7 0.003 (25) TM 
| f ç 090 — 
“іт ыу 1+ 1962 ХЕ 5), 


d,— f, — b; = 0.03 — 1.5(E — 5) = 0.300. 


b; 





Distributions of the other components are found in the same way. 
Since component D is distributed, two values of 0 are found 
from Еа. (13.120): 





3.1(0.03) , 2.6(0.7) 2.2015) 1.3(0.33) 
31-0 26-0 22-0 13-0 

10.3), 0.8(0.12) 
1-08 08-0 

2. 0, = 1.8817, 0,-1.12403. 


=1- 0.8, 


The overhead content dp of component D and the minimum 
reflux are found from the two equations 


(Rm + 1)D = (R,, + 1)(0.2498 + dp) 
.,9.1(0.03) | 2.6(0.07) , 220.147) 
| 31-0, 266-0, 22-8, 























134, 0.003 
Tya3-8, 1—6, 
3.1(0.03) , 2.6(0.007) , 2.2(0.147) 
31-0; 26-0,: X28, 
13dy 0.003 
1358  1—8. 


Upon substituting 0, — 1.8817, 0; — 1.12403, 


dp = 0.09311, 

D = 0.2498 + 0.09311 = 0.3429, 
(Rm + 1)D = 1.1342, 
К, = 2.3077. 


Let R = 12 К„ = 1.2(2.3077) = 2.7692. Apply Eq. (13.124): 


Е-Е, 0.2(2.3077) 











$ +1 3762 — 91229, 
Y —0.5313 
М,%Ү 10.76 + 0.5313 
N 1-У 1— 0.5313 "ы. 
Feed plate location: 
(9247 225) 
Мәе V0.5 / 0.3007 _ TA 


Nociow in( 225 оз) 
0.003 / 0.297 


Since М + Nociow = 24.1, 


24.1 


feed tray = 131/4475 = 13 from the top. 


For comparison, apply Eqs. (13.129) and (13.130): 





№ | 0.6572 (2 30) шс 
0.15 


24- М? = [0.3428 0.003/0.3428 
= 1.0088, 
* = 12.05, 


N, = 12.05 — 0.5 log 24 = 10.46 from the top. 


Presumably 10.46 from the top is more accurate than 13.0, but 
it also may be in error because of the approximate fashion in which 
the distributions of nonkeys were found. 

Note that the predicted distributions of component D do not 
agree closely. 


d b 


0.0481 0.2819 
0.09303 0.2370 


From minimum trays 
From minimum reflux 





MINIMUM REFLUX 


The method of Underwood employs auxiliary parameters Ө derived 
from the equation 





y OX Fi 


в 


(13.120) 


where 4 is the thermal condition of the feed and the summation 
extends over all the components in the feed. The only roots 
required are those in numerical value between the relative 
volatilities of the light and heavy keys. For instance, if there is one 
distributed component, subscript „х, the required roots Ө, and 9, 
are in the ranges 


а,>9>ашд, 
Xak > I > о. 


Then the minimum reflux and the distribution of the intermediate 
component are found from the two equations that result from 
substitution of the two values of 0 into Underwood’s second 
equation 


Two «4, 


R Pena (13.121) 


D 


The number of values of 6 and the number of Eqs. (13.121) is equal 
to 1 plus the number of components with relative volatilities 
between those of the light and heavy keys. When there is no 
distributed component, Eq. (13.121) may be used in terms of mol 
fractions and only a single form is needed for finding the minimum 
reflux, 


> ах: 


R x 


+1= (13.122) 


т 


Occasionally the minimum reflux calculated by this method 
comes out a negative number. That, of course, is a signal that some 
other method should be tried, or it may mean that the separation 
between feed and overhead can be accomplished in less than one 
equilibrium stage. 


OPERATING REFLUX 


As discussed briefly in Section 13.4, the operating reflux is an 
amount in excess of the minimum that ultimately should be 
established by an economic balance between operating and capital 
costs for the operation. In many cases, however, as stated there the 
assumptions А = 1.2R,, often is close to the optimum and is used 
without further study unless the installation is quite a large one. 


ACTUAL NUMBER OF THEORETICAL TRAYS 


An early observation by Underwood (Trans. Inst. Chem. Eng. 10, 
pp. 112-152, 1932) of the plate—reflux relation was 

(R —R,,)(N — Nn) = const, (13.123) 
but no general value for the constant was possible. Several 
correlations of calculated data between these same variables have 
since been made. A graphical correlation made by Gilliland (Ind. 
Eng. Chem. 32, 1101, 1940) has found wide acceptance because of 


its fair accuracy and simplicity of use. Of the several representations 
of the plot by equations, that of Molokanov et al. [Int. Chem. Eng. 
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12, 209-212 (1972)] is accurate and easy to use: 








_ М- № ( 1--54.4Х ))] 
У! ]9|urernz2x aes) p 03120 
where 
= R- Rmin 
“Rat” (13.125) 
from which the number of theoretical trays is 
М, + Y 
N= 1-Y (13.126) 


The Gilliland correlation appears to be conservative for feeds with 
low values of 4 (the thermal condition of the feed), and can be in 
error when there is a large difference in tray requirements above 
and below the feed. The principal value of the correlation appears 
to be for preliminary exploration of design variables which can be 
refined by computer calculations. Although it is often used for final 
design, that should be done with caution. Other possibly superior 
but more difficult to use correlations have been proposed and are 
described in standard textbooks; for example, Hines and Maddox 
(1985). 


FEED TRAY LOCATION 


Particularly when the number of trays is small, the location of tbe 
feed tray has a marked effect on the separation in the column. Ап 
estimate of the optimum location can be made with the Under- 
wood-Fenske equation (13.116), by applying it twice, between 
the overhead and the feed and between the feed and the bottoms. 
The ratio of the numbers of rectifying N, and stripping N, trays is 


N, In[(d/f)u/(d/f)udl 





М, ГБ) ОБ) (13.127) 
_1Ю[(ху/х)лк(Ха/Ху)һк} aes 


E [х хь) /хь)ьк] | 


An improved relation that, however, requires more information is 
due to Akashah, Erbar, and Maddox [Сйет. Eng. Commun. 3, 461 
(1979)]. It is 


N, = № — 0.5 log(N,), (13.129) 
where N, is the total number of trays in the column and № is given 


by the empirical Kirkbride (Petrol. Refiner 23 (9), 321, 1944) 
equation, 


Nr Е (=) (зак ү|7% 
N,— № D Wy f NE Dak | 


TRAY EFFICIENCIES 





(13.130) 


The calculations made thus far are of theoretical trays, that is, trays 
on which vapor-liquid equilibrium is attained for all components. 
Actual tray efficiencies vary widely with the kind of system, the flow 
rates, and the tray construction. The range can be from less than 
10% to more than 100% and constitutes perhaps the greatest 
uncertainty in the design of distillation equipment. For hydrocarbon 
fractionation a commonly used efficiency is about 60%. Section 
13.14 discusses this topic more fuily. 
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13.8. ABSORPTION FACTOR SHORTCUT METHOD OF 
EDMISTER 


This method finds the product distribution ratio b/d for each 
component in a column with known numbers of trays above and 
below the feed and with a known reflux ratio. The flowsketch and 
nomenclature appear on Figure 13.13. 

An absorption factor for each component i on each tray j is 
defined as 

A; = L,/VjKjy, (13.131) 
but usually it is understood to apply to a specific component so the 
subscript i is dropped and the absorption factors on tray / become 


A; = УК, (13.132) 


Similarly a stripping factor for each component is defined as 
S; = K,V;/L;. (13.133) 


The ratio of bottom and overhead flow rates for each component is 





b ıt (La/DKa)ġ2— (d 4)Е 


4 p+ (У,/8));-1  " (13.134) 


with which the individual flow rates of each component аге found 










Л 
b,- т) (13.135) 
d;- f — b; (13.136) 
D, d, 
Rectifying section 
with n trays 
A = L/ KV, on tray | 
F, f 


Stripping section 
with m trays 


5, = KV,/L; on tray | 


B, b, 


Figure 13.13. Sketch and nomenclature for the absorption factor 
method. 


The function ¢ and + are defined as 


_ 411 


фі EG (13.137) 

$57 (A:4,)'7, (13.138) 
garry 

ы aa ү a (13.139) 

y; = (8,$,,)" 7. (13.140) 


The effective absorption and stripping factors in each zone are 
approximately 


A, = —0.5 + УА (A, + 1) + 0.25, (13.141) 
Sa = —0.5 + VS,,(S, + 1) + 0.25. (13.142) 


A certain number of initial estimates must be made when 
applying Edmister's method which are improved by iteration. 


1. Initial estimates must be made of the top and bottom 
temperatures so that the А, and 5, сап be estimated. These 
estimates will be adjusted by bubblepoint calculations after b 
and d have been found by the first iteration. 

2. The temperature at the feed zone may be found by taking a 
linear temperature gradient. 

3. Estimates must be made of V/L at the top and bottom and the 
feed zone. In distillation problems, assumption of constant molal 
overflow in each zone probably is within the accuracy of the 
method. In stripping or absorption columns, first iteration 
evaluations of the amounts of stripping or absorption will 
provide improved estimates of V/L at the key points in the 
columns. 


A distillation problem is worked out by this method by 
Edmister [Pet. Eng., 128-142 (Sept. 1948)] The method is 
developed there. 

For independent absorbers and strippers, the Kremser- Brown 
formulas apply. The fraction absorbed is 


АРПА, 
Фа атр (13.143) 
and the fraction stripped is 
$741 — 5, 
ф, = ттт. (13.144) 


An absorber is calculated by this method in Example 13.11. 


13.9. SEPARATIONS IN PACKED TOWERS 


Continuous changes in compositions of phases flowing in contact 
with each other are characteristic of packed towers, spray or wetted 
wall columns, and some novel equipment such as the HIGEE 
contactor (Fig. 13.14). The theory of mass transfer between phases 
and separation of mixtures under such conditions is based on a 
two-film theory. The concept is illustrated in Figure 13.15(a). 

In its simplest form, the rate of mass transfer per unit area 
across these films is 


N/A = kg(y —y*) = ky (x* — x). (13.145) 


Two special cases are commonly recognized. 





EXAMPLE 13.11 

Calculation of an Absorber by the Absorption Factor Method 
A mixture of a given composition is to have 6096 of its n-butane 
removed by scrubbing with an oil in a 4-tray tower operating 
essentially isothermally at a pressure of 4 atm. The oil feed rate per 
100 mol of feed gas will be found. The data are 


2, K % 
С, 0.253 54 
с, 0.179 14 
C, 0222 35 
nC, — 0.240 0.5 
nC, 0.105 0.2 





1.000 
The Kremser-Brown formula (Eq. (13.143)) for the fraction 
absorbed is applied to nC4: 
$ = (A — А.) (AZ 1) = 0.6, 
<. Ae — 0.644, Бу trial. 


Estimate that 27 moi of gas is absorbed. Let L4 represent the lean 
oil rate: For nC, 


La = Ёд 
КУ, 0.5(73)' 


 L,*27 
0.5(100) 





А, 





А, 





1. Equimolal counterdiffusion between the phases, as in distillation 
with McCabe- Thiele approximations. 

2. Diffusion through a stagnant film, as in absorption or stripping 
processes involving the transfer of a single component between 
liquid and vapor phases. Since there is a concentration gradient 


LIQUID 
FEED 





ROTATING 


VAPOR 
OUTLET ELEMENT 


OUTLET 


LIQUID 
OUTLET 


сә 


Figure 13.14. А centrifugal packed fractionator, trade name 
HIGEE, Imperial Chemical Industries. Units have been operated 
with 500 times gravitational acceleration, with 3-18 theoretical 
stages, up to 36in. dia, employing perforated metal packing. For 
distillation, one unit is needed for rectification and one for 
stripping. Units have been used primarily for gas stripping and on 
offshore platforms because of compactness [Ramshaw, Chem. Eng., 
13-14 (Feb. 1983)]. 
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Substitute into Eq. (13.141), 


зерә | E2320 (Le 


50 — 36.5 
<. La=12.46, by trial. 


v2 
+ 1) + 0.25] = 0.644, 


For the other components, 


12.46 + 27 /12.46 М2 
A,- os«| 100k (251) +025] А 








The results are tabulated and show that the calculated value, 
27.12, is close to the assumed, 27.00. 


z, K A, ф b 
C, 0.253 54 0.00728 0.00728 0.18 
С, 0.179 14 0.02776 0.02776 0.50 
С, 0.222 35 0,1068 0.1068 2.37 
nC, 0.240 05 0.644 0600 14.40 
nC, 0.105 02 1.4766 0.9208 9.67 
1.000 27.12 





of the diffusing substance in the films, а correction is applied to 
the mass transfer coefficient. It is shown in books on mass 
transfer that the effective coefficient of a stagnant film is 











(Kc )enective a ко/(У ED Y og mean? (13.146) 
where 
ож 0-»-0-»*) (y* — y) 
O 7 Y horme "ilc — уу Inf -)/ —59E 
(13.147) 


MASS TRANSFER COEFFICIENTS 


Numerous investigations have been conducted of mass transfer 
coefficients in vessels with a variety of kinds of packings. Many of 
the more acceptable results are cited in recent books on mass 
transfer, for instance, those of Sherwood et al. (Mass Transfer, 
McGraw-Hill, New York, 1975), Cussler (Diffusion, Cambridge, 
1984), and Hines and Maddox (1985). A convenient correlation of 
mass transfer coefficients in granular beds covering both liquid and 
vapor films is that of Dwivedi and Upadhyay [Ind. Eng. Chem. 
Process Des. Dev. 16, 157 (1977)], namely, 


5.026 + өзе T€ 
ja = (Sh)/(Re)(Sc)*? (Chilton-Colburn factor), (13.149) 
Sh = kd/ Ð (Sherwood number), (13.150) 
Sc= u/p& (Schmidt number), (13.151) 


Ве =dup/u —4w/zd?u (Reynolds number), 
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Figure 13.15. Mechanism, nomenclature, and constructions for absorption, stripping and distillation in 
packed towers. (a) Two-film mechanism with equilibrium at the interface. (b) Sketch and nomenclature for 
countercurrent absorption or stripping in a packed tower. (c) Equilibrium and material balance lines in 
absorption, showing how interfacial concentrations are found. (d) Equilibrium and material balance lines 
in stripping, showing how interfacial concentrations are found. (e) Equilibrium and material balance 
lines in distillation, showing how interfacial concentrations are found. 


where 


d= particle diameter, 

9 = diffusivity of the substance being transferred, 
k = mass transfer coefficient, 

и = linear velocity of the fluid, 

w — mass rate of flow of the fluid, 

= = fractional voidage between particles, 

p — density of the fluid, 


и = viscosity of the fluid. (13.152) 
Most of the properties change somewhat from one end to the other 
of industrial columns for effecting separations, so that the mass 
transfer coefficients likewise vary. Perhaps the property that has the 
most effect is the mass rate of flow which appears in the Reynolds 
number. Certainly it changes when there is a substantial transfer of 
material between the two phases in absorption or stripping; and 
even under conditions of constant molal overflow in distillation 
processes, the mass rate of flow changes because of differences of 
the molecular weights of the substances being separated. As a 
practical expedient, however, mass transfer coefficients аге 
evaluated at mean conditions in a column. 


DISTILLATION 


Only the important case of constant molal overflow will be 
considered. The material balance around the lower end of the 
column of Figure 13.15(b) is 


Gy + Lx, = Су + Lx, (13.153) 
which becomes at constant molal overflow 
L L 
»-x*(n- 2x). 13.154) 


The rate balance on an element of height dz of a column of unit 
cross section is 


—dN = (Су) = G dy = kga(y — y*) dz 
= d(Lx) = L dx =k,a(x* — x) dz, 


(13.155) 
(13.156) 


where a is the interfacial surface per unit volume of the packed bed. 
These equations relate the interfacial concentrations (x*, y*) to 
those in the bulks of the liquid and gas phases (x, y); thus 


РУ ЕЕ, (13.157) 


The bulk concentrations (x, y) are related by the material balance 
Eq. (13.144), and the equilibrium concentrations (x*, y*) from 
experimental data in graphical, tabular, or equation form, 


y* =f(x*) (13.158) 
for instance, at constant relative volatility, 
е = ах” 
y Tic Fe- Dr (13.159) 


Corresponding points (у, у“) in a column where the ratio А, /k; is 
known are found as follows: At a particular composition x, the 
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value of y is known from Eq. (13.154). Then corresponding values 
(x*, y*) are related linearly by Eq. (13.157). Substitution into Eq. 
(13.158) then will establish the value of y* corresponding to the 
selected y. Figures 13.14(c), (d), (e) display graphical procedures 
for this operation. 

By rearrangements of Eqs. (13.155) and (13.156) the height of 
the column is given by 


pe КН 


пе. (13.160) 
Vi 
L pid 
о (13.161) 
хі 


The integrals in these equations are measures of the difficulty of the 
separation. Under some conditions they are roughly equal to the 
number of theoretical trays for the same change in concentration 
(уі, №) ог (хі, х). Accordingly, they are called numbers of transfer 
units. 








y2 

NTU, = І ду, (13.162) 
iy, YY 
52 dx 

NTU, = [ ze (13.163) 


Consequently, it is natural to call the coefficients of the integrals the 
height of a transfer unit, 


HTUg= б/а, 
НТО, = L/k, а. 


(13.164) 
(13.165) 


These terms sometimes are used interchangeably with height 
equivalent to a theoretical stage (HETS), but they are nearly the 
same only when the ratio А, /Кс is a large number in the case of 
НТОс. Example 13.12 studies this difference. 

The concepts NTU and HTU are defined only for binary 
distillations and the transfer of a single substance in absorption or 
stripping. Since most processes of industrial interest involve 
multicomponents, the HETS of packed towers is the more useful 
concept, and may be evaluated readily from test data and tray 
calculations. 


ABSORPTION OR STRIPPING 


Neither mass nor molal flow rates are constant in these operations. 
In cases where essentially only one component is being transferred 
between phases, it is sometimes convenient to recognize the flow 
rates G' and L' of solute-free phases. They are related to the total 
flow rates by 


G'-G(ül-y)-G(0—-y), 
L'-Lü0 -x)= Li — xj. 


(13.166) 
(13.167) 


The material balance around the lower end of the column of Figure 
13.15(b), 





Gy + Lux = Gy + Lx (13.168) 
can be written 

y == (г) (т^ p = 13.169 

1-у G'M-x с 1-я G'i-x (43.169) 
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or in the linear form 





L' L' 
Y-6x«(v-2:x) (13.170) 
with the substitutions 
x 
X= i= (13.171) 


zo 
Yet 


13.172 
7 ( ) 


The equilibrium curve also сап be transformed into these 
coordinates. These transformations are useful for graphical 
determinations of numbers of theoretical trays rather than for 
determination of numbers of transfer units. Example 13.13 employs 
both sets of units. 





EXAMPLE 13.12 

Numbers of Theoretical Trays and of Transfer Units with Two 

Values of А, /k,; for a Distillation Process 
An equimolal mixture at its boiling point is to be separated into 95 
and 5% contents of the lighter component in the top and bottoms 
products. The relative volatility is а —2, the minimum reflux is 
1.714, and the operating reflux is 5076 greater. The two values of 
k,/kg to be examined are —1 and o. 

The relation between interfacial and bulk concentrations is that 
of Eq. (13.157), (y* – у)/(х* — х) =—k;/kg. At a series of values 
of x, corresponding values of y* and y may be read off with the 
graphical constructions shown on Figures (b) and (c) of this 
example. The values for slope — —1 are tabulated, but those for 
slope = ® are calculated from the equations of the equilibrium and 
operating lines and are not recorded. The integrands of Eq. 
(13.160) also are tabulated for both cases, and the numbers of 
transfer units are obtained by integration with the trapezoidal rule: 


dy 


У2 
NIU-| — 
=y 


ж У 





а. The number of theoretical trays stepped off on the McCabe- 
Thiele diagram is 16.2. 

b. With А, /Ёс = 1, the number of transfer units is 30.7. 

с. With Kk, /Кс =, the number of transfer units is 15.4. 


4 








(а) McCabe-Thiele construction showing that 16.2 trays аге 
needed to contain 95 and 596 of the lighter substance in the 
products from а 50% boiling liquid feed. 





(b) Construction with k,/kg —1, showing takeoff of vapor 
concentrations in the bulk, y, and at the interface, y*. Number of 
transfer found by integration — 15.4. 





(c) Construction with К; /Ас = о. Number of transfer units 
found by integration — 30.6. 
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EXAMPLE 13.12—(continued) x y ух Mivi£-y) WVtyt-y 
Within the accuracy of the trapezoidal rule integration and of 0.4 0.498 0.536 13.619 26.31 
the graphical determination of the number of trays, the numbers 0.45 0.526 0.593 17.039 32.26 
16.2 and 15.4 are substantially the same. The infinite value of the 0.5 0.626 0.648 24.590 45.45 
ratio of mass transfer coefficients k,/kg means that all of the 0.55 0.662 0.687 20.974 40.00 
resistance to mass transfer is in the gas film: pus 455 pe us n 
0.7 0.770 0.798 18.681 35.71 
x y ут Miyt-v) Vyt-y) 0.75 0806 0.832 19.533 38.46 
0.05 0.05 0.068 22.105 55.56 0.8 0.842 0.870 21.327 35.71 
010 0.114 0.149 14.745 28.57 0.85 0.878 0.902 24.439 41.67 
0.15 0.178 0.209 12.067 32.26 0.9 0.914 0.933 29.969 52.63 
0.2 0.242 0.279 10.949 27.03 0.95 0.950 0.965 41.053 66.67 
0.25 0.306 0.345 10.638 25.64 
0.3 0.370 0.411 10.924 24.39 
0.35 0.434 0.474 11.832 25.00 
EXAMPLE 13.15 The equation of the equilibrium curve in solute-free coordinates is 


Trays and Transfer Units for an Absorption Process 

Тһе solute content of a gas with y, - 0.40 is to be reduced to 
у = 0.05. The entering solvent is solute-free, x, = 0, and is to leave 
with х= 0.19. The equilibrium relationship is represented by the 
equation 


у* = х*(1 + 5x*), 


and the ratio of mass transfer coefficients is К, /Кс = 1. 
In terms of solute-free coordinates, the equation of the 
material balance line is 


Y = 2.6176Х + 0.0526, 


calculated with the given terminal concentrations. In terms of mol 
fractions the material balance line is curved, with equation 


2.6176x/(1 — x) + 0.0526 
? = 7 6176х (1 — x) + 1.0526’ 





[yr fa ee ЖАЙКЫ 
(0.19, 0.40) 





0.4 














0.3- 
| - 
y 
0.2 = 
(x^ У") - 
01 Slope = =k, / ka =-1 
(0,0.05) 
0 d. ee ИИВ 
gue o Ж 0.1 02 








Y Xx ( 3%) 
1+У 1+Х\ 1-Х/ 


Constructions for the numbers of trays іп both sets of coordinates 
are made. They agree within the accuracy of graphical constructions 
on this scale, N — 4.7 with (x, y) and N —4.5 with (X, Y). 

For the transfer unit determination with the given ratio of mass 
transfer coefficients, corresponding values of (y, y*) are found by 
intersections of the material balance and equilibrium lines with lines 
whose slopes аге —k,/kg = —1 as indicated on Figure (а) and in 
detail with Example 13.12. These values are tabulated together with 
the corresponding integrands. The number of transfer units is found 
by trapezoidal rule integration of 


0.40 dy 
0.05 (1 — y) In — y*)/(1 — y) 
= 6.52. 





МТО = 


(0.235, 0.667) 


Material 
Balance 


0 0.1 0.2 
(b) x 


The two values of N should be the same, but there is a small disagreement because of construction inaccuracies on this scale: (a) 
construction with mol fraction coordinates, N = 4.7; (b) construction with solute-free coordinates, N = 4.5. 
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EXAMPLE 13.13—(continued) 


x y y* Integrand 
0 0.05 0.009 24.913 
0.01 0.0733 0.020 19.296 
0.02 0.0959 0.036 17.242 
0.03 0.1178 0.052 15.757 
0.04 0.1392 0.069 14.818 
0.05 0.1599 0.086 14.119 
0.06 0.1801 0.102 13.405 
0.07 0.1998 0.122 13.469 
0.08 0.2189 0.141 13.467 
0.09 0.2375 0.160 13.548 


х y y* Integrand 
0.10 0.2556 0.180 13.888 
0.11 0.2733 0.202 14.703 
0.12 0.2906 0.224 15.709 
0.13 0.3074 0.246 16.998 
0.14 0.3237 0.268 18.683 
0.15 0.3397 0.290 20.869 
0.16 0.3553 0.312 23.862 
0.17 0.3706 0.335 28.877 
0.18 0.3854 0.358 37.304 
0.19 0.4000 0.381 53.462 





The rate balance on an element of height dz of a column of 
unit cross section, as in Figure 13.15(b), is 





—dN = d(Gy) = (ka)ega(y — у*) dz (13.173) 
= d(Lx) = (ky),ga(x* — x) dz. (13.174) 
Expanding the differential of Eq. (13.163), 
G' G' G 
d(G -4 )- dy = dy. 13.175 


Introducing Eqs. (13.146) and (13.175) into Eq. (13.173) and 
integrating, the height becomes 
G % (y-y*h 
z- (S) ds 
kga mean Әу) (1 —у)(у -у9 d 





(13.176) 


On replacing the log mean term by Eq. (13.147), the result becomes 





-(G f" 1 
ae a) by (1-у)ш(а-уу/01-у%1 ау. (13.177) 


The variable flow rate С is used here instead of the constant С” 
because the mass transfer coefficient kg depends more directly on 
G. As used in Eqs. (13.176) and (13.177), a mean value of the 
coefficient is preferred in practice in preference to accounting for its 
variation within the integral. 

The integrals are defined as numbers of transfer units for 
absorption or stripping, 











`У2 1 
NTU Í dy, 13.178 
e=) UDa aA ы) 
х2 1 
МТО,- ах, 13.1 
+=) 3I -3/ü - x5] vende) 
and the heights of transfer units are 
НТО; = (С/Коа) mean» (13.180) 
НТО, = (L/k, a)mean- (13.181) 


HTUs vary with the kind of packing, the flow rates, the 
distribution of flow across the cross section, and sometimes with the 
packing height and column diameter. They аге necessarily 
experimental data. Some of these data are discussed at the end of 
this chapter. 

The way in which interfacial concentrations y* are related to 
the bulk concentrations y required for evaluation of the integrand of 
Eq. (13.176) is explained on Figure 13.14(c), (d), and in Example 
13.13, which finds trays and transfer units for an absorption 
problem. 


13.10. BASIS FOR COMPUTER EVALUATION OF 
MULTICOMPONENT SEPARATIONS 


Until the advent of computers, multicomponent distillation 
problems were solved manually by making tray-by-tray calculations 
of heat and material balances and vapor-liquid equilibria. Even a 
partially complete solution of such a problem required a week or 
more of steady work with a mechanical desk calculator. The 
alternatives were approximate methods such as those mentioned in 
Sections 13.7 and 13.8 and pseudobinary analysis. Approximate 
methods still are used to provide feed data to iterative computer 
procedures or to provide results for exploratory studies. 

The two principal tray-by-tray procedures that were performed 
manually are the Lewis and Matheson and Thiele and Geddes. The 
former started with estimates of the terminal compositions and 
worked plate-by-plate towards the feed tray until a match in 
compositions was obtained. Invariably adjustments of the amounts 
of the components that appeared in trace or small amounts in the 
end compositions had to be made until they appeared in the 
significant amounts of the feed zone. The method of Thiele and 
Geddes fixed the number of trays above and below the feed, the 
reflux ratio, and temperature and liquid flow rates at each tray. If 
the calculated terminal compositions are not satisfactory, further 
trials with revised conditions are performed. The twisting of 
temperature and flow profiles is the feature that requires most 
judgement. The Thiele- Geddes method in some modification or 
other is the basis of most current computer methods. These two 
forerunners of current methods of calculating multicomponent 
phase separations are discussed briefly with calculation flowsketches 
by Hines and Maddox (1985). 

Computer programs for multistage operations embodying heat 
and material balances and sophisticated phase equilibrium relations 
are best left to professionals. Most such work is done by service 
organizations that specialize in chemical engineering process 
calculations or by specialists in engineering organizations. A few 
valuable programs appear in the open literature: 


1. A Wang-Henke program appears іп J. Christensen (Еа.) 
(Stagewise Computations—Computer Programs for Chemical 
Engineering Education, Sterling Swift Publishing, Manchaia, 
TX, 1972). 

2. A Naphthali-Sandholm program appears іп Fredenslund, 
Gmehling, and Rasmussen (Vapor-Liquid Equilibria Using 
UNIFAC, Elsevier, New York, 1977). 

3. A Newton—Raphson SC (simultaneous correction) program of 
Newman is reproduced by King (Separation Processes, 
McGraw-Hill, New York, Appendix E). 


Abundant descriptions of the theoretical basis and procedures 
for computer methods appear in recent literature and are 
summarized in books by Holland (1981), King (1980, Chap. 10), 


13.10. BASIS FOR COMPUTER EVALUATION ОЕ MULTICOMPONENT SEPARATIONS 405 


and Henley and Seader (1981, Chap. 15). The present chapter will 
be devoted to the basic equations, the kinds of process 
specifications that can be made and met, and convergence criteria 
applicable to iterative calculations of problems of distillation, 
absorption, and stripping. To a certain extent, the same methods 
are applicable to liquid-liquid extraction and other phase 
separation processes. 


SPECIFICATIONS 


Тһе variables most commonly fixed in operations of distillation 
columns are listed in Section 13.6. Detailed calculation processes of 
column performance may require other intermediate or tentative 
specifications whose nature depends on the particular computer 
algorithm used. These specifications are identified with the 
descriptions of the three chief methods of this section. 








Liquid from 
Stage above 
Vapor Lj 4 
side stream 


Heat transfer 


9; 







Zi j (+) if from stage 
Ны; {—) if to stage 
Tr, 
Рр Vaive 
j V 
XN +1 Xij 
Hy, н, 
т 7 
Bs " 
Liquid 
side stream 
Via 
Vapor from 
stage below 


1; 


(а) 


THE MESH EQUATIONS 


The letters of this acronym refer to Material balances, Equilibria 
between vapor and liquid, Summations of mol fractions to unity, and 
Heat or enthalpy balances. The quantities and notation pertaining 
to a single equilibrium stage and to an assembly of them are 
represented on Figure 13.16. In the simplest case a distillation stage 
exchanges two inlet and two outlet streams with adjacent stages. In 
addition, some stages will have in or out material or heat flows. 
Computer programs can be written in general form to include thesc 
factors on each stage to accommodate multiple feeds, side streams, 
and intermediate condensing or boiling. Enthalpy transfers 
sometimes are effected with hollow trays through which a heat 
transfer medium is circulated, or commonly by pumping a 
sidestream through an external heat exchanger and returning it 
to the column. The latter practice is particularly common for 





(b) 


Figure 13.16. Flow patterns and nomenclature of a single equilibrium stage and a cascade of them (after Henley and Seader, 1981). (а) А 


single equilibrium stage. (b) An assembly of N stages. 
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Figure 13.17. Algorithm of the BP (bubblepoint) method for distillation separations 
[Wang and Henke, Hydrocarbon Processing 45(8), 155—166 (1963); Henley and 


Seader, 1981]. 


petroleum fractionation as an aid in controlling the wide range of 
vapor rates that accompany the difference of 500-600°F between 
top and bottom of a crude oil fractionator. Side reflux of this kind 
requires more trays than all top reflux, but an overall benefit in 
equipment cost results because of diameter reduction. 

For every component, C in number, on every stage, № in 
number, there are material, equilibrium, and energy balances, and 
the requirement that the mol fractions of liquid and vapor phases оп 
each tray sum to unity. The four sets of these equations are: 


1. M equations—Material balance for each component (C 
equations for each stage): 


My = Lj-1%ij-1 + Vjt ija t Бу 


— (L; + Ux; - (V; + Му; = 0. (13.182) 


2. E equations—phase Equilibrium relation for each component (С 
equations for each stage): 


E, = yj - Кру 70, (13.183) 


where Ку is the phase equilibrium ratio. 
3. S equations—mole fraction Summations (one for each stage): 


c 
($), = У yy - 1.070, (13.184) 
і-1 
с 
(S), = > x, - 1.07 0. (13.185) 
i=1 
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4. H equation—energy balance (one for each stage): 


H= Lj Hz, + УНУ + Bg (Ly + U)H;, 
- (V, + W)Hy, - Q; - 0, (13.186) 


where kinetic and potential energy changes are ignored. 


In order to simplify these equations, the liquid rate at each 
stage is eliminated with the substitutions 


J 
L,-Vaa* Х (7 Um №) - Var (13.187) 
т=1 
and the vapor compositions by the equilibrium relations 
уу = Куху. (13.188) 


Three other variables occurring in the MESH equations are 
functions of more fundamental variables, namely, 


Ky = К(Т, В, ху, yg) (13.189) 
Hı; = Н, (Т, Р, x), (13.190) 
Hy = H(T, P, у). (13.191) 


The reboiler load is determined by the overall energy balance, 


N-1 


N 
On = > (BH, — UH;,- WHy) - У, 0)-УН,-І,Н1,. 
= Шы! 
(13.192) 
When all of the following variables are specified, 
N, E, жу, 7, В, U, W, and О, (except О, and Ох), 
fori=1toC and j-1toN, 


the MESH equations reduce in number to N(2C +3) in the same 
number of variables, and are hence in principle solvable. The 
equations are nonlinear, however, and require solution by some 
iterative technique, invariably involving linearization at some stage 
in the calculation process. 

Almost all computer programs employed currently adopt the 
Thiele- Geddes basis; that is, they evaluate the performance of a 
column with a specified feed, bottoms/overhead ratio, reflux ratio, 
and numbers of trays above and below the feed. Specific desired 
product distributions must be found by interpolation between an 
appropriate range of exploratory runs. The speed and even the 
possibility of convergence of an iterative process depends on the 
values of starting estimates of the variables to be established 
eventually. Accordingly, the best possible starting estimates should 
be made by methods such as those of Sections 13.7 and 13.8, or on 
the basis of experience. 

After values of the variables Т; and V,, called tear variables, are 
specified, Eqs. (182)ff become a linear set in the x, variables. Initial 
estimates of the vapor flows are made by assuming constant molal 
overflow modified by taking account of external inputs and outputs, 
and those of the temperatures by assuming a linear gradient 
between estimated top and bottom temperatures. Initially, also, the 
Kj are taken as ideal values, independent of composition, and for 
later iterations the compositions derived from the preceding one 
may be used to evaluate corrected values of K,. With appropriate 
substitutions, 


Agi Big + Cigar = Р, (13.193) 





where 


1 
А; =У,+ У (E,-W,-U,)-V, 2<)<М, 


т=1 


j 
B= -|V X En- Wa Un) = Vi + U + (V+ wk, 
т=1 


(13.194) 


J 

1xjeN (13.195) 
(13.196) 
(13.197) 


С, 


7 


TWaKQg4;í Ік/-М-1, 
D=- 


Ez, 1<)еМ, 


i 


the modified MESH equations can be written as a tridiagonal 
matrix, thus 


CG 0 0 0 0 
В, С, 0.20 0 
A. В. C07 0 


0 Ала Ву. Су 0 
0 0 "Aya Вк. “Сул 
оо 0 "Ay “By 
хд D, 
Xi2 D, 
Xis D; 
x = (13.198) 
XiN-2 Dy.5 
XLN-1 Dy. 
Х.м Dy 


The tridiagonal matrix is readily solved by computer by a 
method due to Thomas which is explained by Wang and Henke 
[Hydrocarbon Proc. 45(8), 155-163 (1966)] and by Henley and 
Seader (1981). A FORTRAN program is given by Gerald and 
Wheatley [Appl. Numer. Anal, 146, (1984)] and King (1980, 
Appendix Е). A program in BASIC language is by Pachner 
(Handbook of Numerical Analysis Applications, McGraw-Hill, New 
York, 1984, Program P103). 

After solution of the matrix for the liquid phase mol fractions 
xy, the next step is to make improved estimates of 7; and V, for the 
next iteration. Three different procedures have been commonly 
employed for proceeding to succeeding trials, differing in simplicity 
or particular merit for certain kinds of problems. 


1. BP (bubblepoint) methods. Temperatures are corrected 
iteratively by determinations of bubblepoints. The method is 
satisfactory for mixtures with relatively narrow ranges of 
volatilities. The parent program of this type is that of Wang and 
Henke (1966) which is flowsketched on Figure 13.17 and 
described in the next section. The availability оға FORTRAN 
program was cited earlier in this section. 

2. SR (sum-rates) method. The new liquid flow rates are taken 
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Figure 13.18. Algorithm for the SR (sum rates) method for absorbers and strippers 
[Birningham and Otto, Hydrocarbon Processing 46(10), 163-170 (1967); Henley and 


Seader, 1981]. 


proportional to the nonnormalized sums of mol fractions, the 
vapor rates by subsequent material balances, and the new 
temperatures by enthalpy balances. А flowsketch of the 
calculation process is in Figure 13.18, and a brief description also 
is given subsequently. This method is particularly suited to 
separations involving substances with widely differing volatilities, 
as in absorbers and strippers, where the bubblepoint method 
breaks down. 

3. SC (simultaneous correction) method. The MESH equations are 
reduced to a set of N(2C + 1) nonlinear equations in the mass 
flow rates of liquid components 1; and vapor components v; and 
the temperatures T. The enthalpies and equilibrium constants 
Kj are determined by the primary variables /;, vj, and Т. The 
nonlinear equations are solved by the Newton-Raphson 
method. А convergence criterion is made up of deviations from 
material, equilibrium, and enthalpy balances simultaneously, 
and corrections for the next iterations are made automatically. 
The method is applicable to distillation, absorption and stripping 
in single and multiple columns. The calculation flowsketch is in 
Figure 13.19. A brief description of the method also will be 
given. The availability of computer programs in the open 
literature was cited earlier in this section. 


THE WANG-HENKE BUBBLEPOINT METHOD 


The procedure is outlined in Figure 13.17. The input data are listed 
above Box 1 and include all external material and enthalpy flows 
except condenser and reboiler loads, the number of trays, the reflux 
rate, and the reboiler load. The process is iterative, starting with 
estimates of temperature and vapor flow rates on each tray and 
making successive improvements in these values until a convergence 
criterion on temperatures is satisfied. 

Box 1. Initia! estimates of the temperature are made by taking 
linear variation between estimated overhead dewpoint and 
bottoms bubblepoint. The vapor rates are estimated on the 
basis of constant molal overflow with due regard to input or 
output sidestreams. 

Box 2. The system represented by the matrix Eq. (13.198) consists 
of linear equations that are solved for the liquid mol fractions 
ху. 

Box 3. In general the mol fractions will not sum to unity, so that 
they are normalized as 


c 


(Xi) normatizea = х; "i >; Ху. 


ізі 


(13.199) 
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Figure 13.19. True boiling point (TBP) curve of a crude oil, with 
superimposed TBP curves of five fractions into which it is separated 
by a typical fractionating system like that of Figure 15.20. The 
separations are not sharp, with as much as 50°Е difference between 
the end point of a light product and the initial of the next heavier 
one. И is common to speak of the gap between the 95 and 5% 
points rather than the end points. 


Box 4. New values of the stage temperatures 7; are calculated as 
bubbiepoints with the normalized x,. Initially the effect of 
vapor compositions y; on К, is ignored and the vapor 
compositions are found with 
уу = Куху. (13.200) 


Subsequently, the values of y; from the previous iteration can 
be used in the evaluation of K,. 


Box 5. The enthalpies Hy; and H;, can be evaluated with Eqs. 
(13.190) and (13.191) since T, P, xj, and y, have been 
estimated. Тһе condenser load Q, is figured with Eq. (13.186) 


and the reboiler load Qy with Eq. (13.192). 

Box 6. The new vapor rates У; are found with the heat balances, 
Eqs. (13.201)-(13.205), and the new liquid rates with Eq. 
(13.187): 


«УВ а = Үр (13.201) 
where 
а= Hi, ~ Hy, (13.202) 
B= Ay. 7 Ax, (13.203) 
y= [x (E, -Wn - Un) V.H, 7 Hs, .) 

*E(H, - Hg) + W(Hy -— Н) + Q; (13.204) 
tia ЧИ (13.205) 


Bia 


Box 7. The convergence criterion imposes a tolerance on the 
differences between successive iterations of the temperatures 


N 
т= >» (Т9-т%-9)<0.01М. (13.206) 


Вох 8. If the criterion is not satisfied, the values of T; found in Box 
4 and the vapor rates V, of Box 6 are the new starting values to 
be input to Box 2. 


THE SR (SUM-RATES) METHOD 


In this method, temperatures for succeeding iterations are found by 
enthalpy balances rather than by bubblepoint determinations, after 
new values of the liquid and vapor flow rates have been estimated 
from solution of the equations for the liquid mol fractions. This 
procedure is suited to absorption and stripping problems for which 
the BP method breaks down because of the wide range of relative 
volatilities involved. The algorithm appears in Figure 13.18. Input 
data are the same as for the BP method. 


Box 1. Initial temperatures and vapor flow rates are estimated in 
the same way as in the BP method. 


Box 2. 'The mol fractions are found by solution of the tridiagonal 
matrix as in the BP method. 


Вох 3. At this point the x; are not normalized but their sum is 
applied to estimate new liquid flow rates from the relation 


c 
Le Ha L(o У xg (13.207) 


The corresponding vapor rates are obtained by the material 
balance, which is a rearrangement of Eq. (13.187), 


N 
V= Lj- Ly t+ 92 (En = Win — Un): 


(13.208) 
m-j 
Box 4. Then the х; are normalized by 
c 
(х) normalizea = Ху 7 > Ха) (13.209) 
the values of y; are obtained by 
уу = Куху (13.210) 
and also normalized, 
с 
= / Y» (13.211) 
ізі 


When the K; depend on the vapor phase compositions, values 
of y; from the previous iteration are used. 

Box 5. New temperatures are calculated from the enthalpy balances 
Eq. (13.186). The temperature is implicit in these equations 
because of its involvement in the enthalpies and the K;. 
Accordingly, the temperature must be found by the New- 
ton-Raphson method for simultaneous nonlinear equations. 


Box 6. The convergence criterion is 
т= У, (TP — TED = 0.01№? (13.212) 


Box 7. И the convergence criterion is not satisfied, the values of V, 


410 DISTILLATION AND GAS ABSORPTION 


from Box 3 and the temperatures from Box 5 are input to Box 
2. 


SC (SIMULTANEOUS CORRECTION) METHOD 


A brief description of this procedure is abstracted from the fuller 
treatment of Henley and Seader (1981). The MESH equations 
(13.182)-(13.186) in terms of mol fractions are transformed into 
equations with molal flow rates of individual components in the 
liquid phase /; and vapor phase и, as the primary variables. The 
relations between the transformed variables are in this list: 


< 1, 0; 
Li у= È 0 х= т» уту 
f= Ez; 5 = 011, 85, = МУ. (13.213) 


The balance equations become three groups totalling N(2C + 1) in 
number: 


Material balance: 





Мы = (1+ 5j) +u + S) — I5 17 vga 7 fy = 0. (13.214) 
Phase equilibria: 
c 
p Uxj 
E; ; = Kyl; = —u,=0 (13.215) 
2, lj 
Energy balance: 


c G С 
Ң-Н,(1%5) >, + Ну(1 + 5) 5 vy Н, 2 124 
i=l i= i= 


с с 
-Hy > v41- Hg > 4-90-09. (13.216) 


When М and all fj, Pr, В, Sp Sj, and О; are specified, there remain 
N(2C + 1) unknowns, the same as the number of MEH equations 
(13.214)-(13.216). They are nonlinear equations in the primary 
variables J, vj, and 7; for i=1 to C and j — 1 to М. The T; are 
involved implicitly in equations for the enthalpies and equilibrium 
constants. 

The convergence criterion adopted is 


N 


T3 -2 (ау + 5 [Км,)? + (y = £3 
=N(2C + (5 Fj 107". (13.217) 


J 


It will ensure that the converged variables will be accurate to 
generally at least four significant figures. 
The algorithm of the procedure is in Figure 13.20. 


Box 1. Initial estimates of the stage temperatures are taken from 
linear variations between estimated overhead dewpoint and 
bottoms bubblepoint temperatures. Those of the vapor rates 
are based on the assumption of constant molal overflow with 
due regard to sidestreams, and those of the liquid rates are 
made consistent with the material flow balances. 

Box 2. With the initializations of Box 1, the matrix of the MEH 
equations is tridiagonal like Eq. (13.198) and may be solved for 
the l; and vj by the Thomas algorithm. 


Box 3. Evaluate the discrepancy function made up of deviations 
from zero of the mass М, equilibrium Е, and enthalpy H 
functions of Eqs. (13.214)-(13.216): 


r= (+ > (мә + c (13:218) 


N 
j=1 


Box 4. The discrepancy function t, is compared with the tolerance £4 


N 
а-МОС- (> вю". (13.219) 
j=1 


If т;= £4, the process has converged and final data аге 
evaluated in Boxes 5 and 6. If т> єз, proceed to the next 
iteration by way of Box 7. 


Box 5. The total flow rates are found by summing up the 
component flow rates 


c 
= x ly (13.220) 
and 

c 
Y= У vy (13.221) 


Box 6. Evaluate condenser and reboiler loads by heat balances if 
they have not been specified. 


Box 7. When т; >6;, corrections to the lj, vj, and T, are 
calculated from the nonlinear MEH equations by the Newton- 
Raphson method. In these equations the enthalpies and equi- 
librium constants usually are nonlinear functions of the 


temperatures. 

Box 8. Employ a process for evaluating the optimum fraction of a 
calculated correction of each variable to be applied to the next 
trial. That is, 

(Аа) optimum = (Аа) catculateds 0<1=1. (13.222) 

The selection process is described by Henley and Seader. The 


optimally corrected values of };, vy, and 7; are input to Box 4 
for the next iteration. 


13.11. SPECIAL KINDS OF DISTILLATION PROCESSES 


Conditions sometimes exist that may make separations by 
distillation difficult or impractical or may require special techniques. 
Natural products such as petroleum or products derived from 
vegetable or animal matter are mixtures of very many chemically 
unidentified substances. Thermal instability sometimes is a problem. 
In other cases, vapor-liquid phase equilibria are unfavorable. It is 
true that distillations have been practiced successfully іп some 
natural product industries, notably petroleum, long before а 
scientific basis was established, but the designs based on empirical 
rules are being improved by modern calculation techniques. Even 
unfavorable vapor-liquid equilibria sometimes can be ameliorated 
by changes of operating conditions or by chemical additives. Still, it 
must be recognized that there may be superior separation 
techniques in some cases, for instance, crystallization, liquid-liquid 
extraction, supercritical extraction, foam fractionation, dialysis, 
reverse osmosis, membrane separation, and others. The special 
distillations exemplified in this section are petroleum, azeotropic, 
extractive, and molecular distillations. 


Start 
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Specify: all F, ZI feed conditions (Trj Pr or Hp), 


Pi, ту; М; 


all 9; ог T; except Q, and Qy; 


one variable for each side stream; 


one top-stage variable and 


one bottom-stage variable (Table 15.1) 





of vj jr lj 





Set Ё = 1 (to begin first iteration) 
Initalize values of | 


Compute initial guesses 








7 



















Compute optimal t 
to minimize 74. Then 
compute new values 


ofv..,/.., 7, 
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Compute Newton-Raphson 
corrections 








Converged 


Simultaneous 
solution of 















equationsby 6 Compute 
Newton- Raphson Q, from H, 

procedure and Qu from 
Hy if not 


specified 









x(* 0 = x00 4 t ax 
Exit 





Figure 13.20. Algorithm of the SC (simultaneous correction) method for all multistage separations of 
fluid mixtures [Naphthali and Sandholm, AIChE J. 17, 148 (1971); Henley and Seader, 1981]. 


PETROLEUM FRACTIONATION 


Crude oiis are mixtures of many substances, mostly unidentified 
chemically, that cover a boiling range of less than 0°F to more than 
1000?F. Lower molecular weight substances are identifiable and may 
be recovered as pure substances, but the usual products of 
petroleum fractionation are mixtures with relatively narrow boiling 
ranges that have found consumer acceptance as final products or are 
suitable for further processing in the plant, On the typical refinery 
flow diagram of Figure 13.21, several of the processes represented 
as blocks either involve or are followed by distillation. 

Important properties of petroleum and its fractions are 
measured by standardized procedures according to the API or 
ASTM. A particularly distinctive property is the true boiling point 
(TBP) curve as a function of the volume percent distilled under 
standardized conditions. Figure 13.19 is the TBP curve of a whole 
crude on which are superimposed curves of products that can be 
taken off sidestreams from a main distillation column, as in Figure 
19.21. As samples of the distillate are collected, their densities and 
other properties of interest also are measured. The figure with 
Example 13.14 is of such measurements. 


A representative petroleum fractionation process is sum- 
marized on Figure 13.22. Steam stripping of the sidestreams 
removes light ends and narrows the 95-5% temperature gap 
discussed in Example 13.14. The only source of heat supply to the 
column is at the feed point. А sufficient portion of the feed must be 
vaporized to be equivalent to the sum of all the products removed 
from the column above the feed point. Usually an additional 
amount of 2-5%, called overflash, may be needed to cover heat 
losses and reflux requirements. Because of the large temperature 
gradient апа the high temperatures, the vapor volumes are large 
and also change greatly as the temperature falls along the column 
and sidestreams are withdrawn. Optimization of the size and cost of 
the fractionator usually requires removal of heat and provision of 
reflux at intermediate points rather than exclusively at the top as in 
most distillations, despite the need for additional trays to maintain 
efficient fractionation. The vapor rates at sidestream drawoffs 
usually are critical ones so they are checked by heat balances. 
Empirical rules have been developed for reflux ratios at drawoffs 
that ensure quality of these products. 

The older, empirical practices for the design and operation of 
petroleum fractionators are stated in books such as that of Nelson 
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Figure 13.21. Petroleum refinery block diagram. Several of the processes identified by blocks include distillation or are followed by 
distillation (Gary and Handwerk, Petroleum Refining, Dekker, New York, 1975). 


(Petroleum Refinery Engineering, McGraw-Hill, New York, 1958). 
Some such rules are collected in Table 13.6. A recent coverage of 
this subject is by Watkins (Petroleum Refinery Distillation, 1979), 
and an estimation procedure for distillations of naphthas without 
sidestreams is described by Broughton and Uitti [Encycl. Chem. 
Process. Des. 16, 186-198 (1982)]. An engineer versed in these 
techniques can prepare a near optimum design in a few days. For 
the most part, nowadays, only rough estimates of tray numbers and 
heat balances need be made as starting estimates for eventual 
computer design of the process. 

The basis of the fractionation design is tbe true boiling point 
curve. This is replaced by a stepped curve made up of fractions 
boiling over ranges of 10-25°F. The lighter components up to 
pentanes or hexanes are treated as such, but the other components 
are pseudocomponents characterized by their average boiling 
points, specific gravities, molecular weights, and other properties 
necessary to calculation of the distillation behavior. For full range 
crude oil fractionation, as many as 50 pseudocomponents may be 
required to represent the real TBP curve. In the case of naphtha 
fractionators without sidestreams, 20 pseudocomponents may be 
sufficient. Calculated compositions of products in terms of 
pseudocomponents can be reconstituted into smooth TBP curves to 
ensure that conventional specifications such as initial and final 
boiling points are met. The operation of converting a mixture 
characterized by TBP and specific gravity curves into a mixture of a 
discrete number of components with compositions expressed in mol 
fractions is performed in Example 13.14. 


EXTRACTIVE DISTILLATION 


In such a process an additive or solvent of low volatility is 
introduced in the separation of mixtures of low relative volatilities 
or for concentrating a mixture beyond the azeotropic point. From 
an extractive distillation tower, the overhead is a finished product 
and the bottoms is an extract which is separated down the line into 
a product and the additive for recycle. The key property of the 
additive is that it enhance the relative volatilities of the substances 
to be separated. From a practical point of view, the additive should 
be stable, of low cost, require moderate reboiler temperatures 
particularly for mixtures subject to polymerization or thermal 
degradation, effective in low to moderate concentrations, and easily 
recoverable from the extract. Some common additives have boiling 
points 50-100*C higher than those of the products. 


Selection of an Additive. Ultimately the choice of an extractive 
distillation solvent will require a certain amount of experimental 
work, but some screening process should be employed to limit its 
scope. Examination of solvents that are being used or have been 
studied for successful commercial operations is a starting point. 
Some rules involving similarities or differences in polarities or 
hydrogen bonding have been proposed. The less soluble of a pair of 
substances usually will have the enhanced volatility. Accordingly, a 
comparison of solubility parameters may be a guide: А good 
additive should have a solubility parameter appreciably different 
from one of the components and closer to that of the other. Such an 
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EXAMPLE 13.14 


Representation of a Petroleum Fraction by an Equivalent 
Number of Discrete Components 


The true boiling point and specific gravity variation with the volume 
percent distilled are found by standard ASTM procedures. In the 
present case, the smooth TBP curve is replaced by a stepped curve 
of eleven pseudo components characterized by their 5096 boiling 
points and specific gravities. Their molecular weights are obtained 
with the general correlation of Figure (c); then the mol fractions are 
calculated. Vaporization equilibrium ratios and relative volatilities 
can be read off charts such as Figure 13.3, which are available for 
higher boiling ranges than this one. Then any required distillation 
can be calculated by any suitable standard method. 
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(b) (c) 


(a) Experimental true boiling point and specific gravity curves, and the equivalent stepped curve. (b) Mol fraction composition of the 11 
pseudo components with equivalent vaporization behavior. (c) Standard correlations of properties of petroleum fractions. 
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Figure 13.22. Meterial and energy flows in distillation of 20,000 BPSD (263,000 lb/hr) 
of 28.4° API crude oil into five products. The main tower is 11 ft dia by 94 ft TT, and 


the stripper is 3 ft dia by 54 ft TT. 


explanation may be correct for the enhancement of the volatility of 
isooctane (7.55) relative to that of toluene (8.91) in the presence of 
phenol (12.1) or aniline (11.5), both of which are commercially 
feasible additives. The data of Figure 13.23(a) do show that the 
volatility of isooctane is enhanced by the presence of phenol. The 
numbers in parentheses are the solubility parameters. In the case of 
acetone (9.8), chloroform (9.3), and methyl-isobutylketone (8.3), 


the data of Figure 13.23(b) show that chloroform has the enhanced 
volatility, although its solubility parameter is closer to that of the 
solvent. A possible interpretation of the data is that association of 
the ketones as a consequence of their hydrogen bonding capabilities 
reduces the volatility of the acetone. Explanations of the effects of 
dissolved solids, as in Figures 13.23(c) and (d), are more obscure, 
although a substantial number of other cases also is known. 


TABLE 13.6. Some Rules for Design and Operation of Petroleum Fractionators 





(a) Draw Tray Temperature Ta, as a Function of the Bubblepoint Ть, of the Stream: 


Ta={ 


(b) Gap and Overlap of Top and Sidestream Products in Terms 


exp(0.00407,,, + 4.404), 
exp(0.0029527,... + 4.744), 


of Reflux and Plates 


100 
80 
60 


40 


Iv] 
о 


20 


Reflux Ratio *x Number of Plates 


200 = Ty, 5 325°F 
325 x Ty, = 600°F 
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(c) Gap and Overlap between Sidestream Products in Terms 
of Reflux and Plates 
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[Packie, Trans. AIChE 37, 51 (1941)]. 


(d) Number of Trays between Drawoffs 


Light naphtha to heavy naphtha 
Heavy naphtha to light distillate 

Light distillate to heavy distillate 
Heavy distillate to atmospheric gas oil 
Flash zone to first draw tray 

Steam and reboiled stripping sections 


Separation 





Number of Trays 


6 to 8 

6 to 8 

4to6 

4to 6 

3 to 4 
4 


(е) Normal Stripping Steam Usage 





Product 


Naphtha 


Kerosene or diesel fuel 


Gas oil 
Neutral oils 
Topped crude oil 


Residual cylinder stock 


Ib Steam/gal 


0.2-0.5 
0.2-0.6 
0.1-0.5 
0.4-0.9 
0.4-1.2 
1.0 ир 


(f) Superficial Linear Velocities іп Towers 


Operation 


Topping 

Cracking 

Pressure dist. rerun 
Solution rerun 
Pressed dist. rerun 
Pressed dist. rerun 
Vacuum 

Vaccum 

Stabilizer 

Nat. gaso. absorber 
Nat. gaso. absorber 


Tray Superficial 
Pressure Spacing Tower Velocity 
(psia or mm) (in.) (ft/sec) 
17 Ib 22 2.6-3.3 
401b 22 1.5-2.2 
20 Ib 22 2.8-3.7? 
25 |b 22 2.8-3.5 
25 Ib 22 2.8-3.94 
60 mm 24 6.0-9.0 
30 тт 30 9.0-12.0 
90 mm 24 5.0-8.0 
160 ib 18 2.2-2.8 
50 Ib 14 1.0-1.3 
400 Ib 18 0.5-0.8 





а Greatly dependent on quantity of steam. 


(9) Pressure Drop 0.1—0.2 psi/tray 
(h) Overflash into Tower Feed Zone is 2-5% 
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Mole traction isooctane in vapor 
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Figure 13.23. Examples of vapor-liquid equilibria in presence of solvents. (a) Mixture of i-octane and toluene in the presence 
of phenol. (b) Mixtures of chloroform and acetone in the presence of methylisobutylketone. The mole fraction of solvent is 
indicated. (c) Mixture of ethanol and water: (а) without additive; (Б) with 10g CaCl, in 100 mL of mix. (d) Mixture of 
acetone and methanol: (а) in 2.3M СаСЬ; (b) salt-free. (e) Effect of solvent concentration on the activity coefficients and 
relative volatility of an equimolal mixture of acetone and water (Carlson and Stewart, in Weissbergers Technique of Organic 
Chemistry IV, Distillation, 1965). (f) Relative volatilities in the presence of acetonitrile. Compositions of hydrocarbons in 
liquid phase on solvent-free basis: (1) 0.76 isopentane + 0.24 isoprene; (2) 0.24iC;+0.76IP; (3) 0.525. +0.5 
2-methyibutene-2; (4) 0.25-0.76 2MB2 + 0.75—0.24 IP [Ogorodnikov et al., Zh. Prikl. Kh. 34, 1096-1102 (1961)]. 


Measurements of binary vapor-liquid equilibria can be 
expressed in terms of activity coefficients, and then correlated by 
the Wilson or other suitable equation. Data on all possible pairs of 
components can be combined to represent the vapor-liquid 
behavior of the complete mixture. For exploratory purposes, 
several rapid experimental techniques are applicable. For example, 
differential ebulliometry can obtain data for several systems in one 
laboratory day, from which infinite dilution activity coefficients can 
be calculated and then used to evaluate the parameters of 
correlating equations. Chromatography also is a well-developed 
rapid technique for vapor-liquid equilibrium measurement of 
extractive distillation systems. The low-boiling solvent is deposited 
on an inert carrier to serve as the adsorbent. The mathematics is 
known from which the relative volatility of a pair of substances can 
be calculated from the effluent trace of the elutriated stream. Some 
of the literature of these two techniques is cited by Walas (1985, pp. 
216-217). 


Some Available Data. А brief list of extractive distillation 
processes of actual or potential commercial value is in Table 13.7; 
the column of remarks explains why this mode of separation is 
adopted. The leading applications are to the separation of 
close-boiling aromatic, naphthenic, and aliphatic hydrocarbons and 
of olefins from diolefins such as butadiene and isoprene. 
Miscellaneous separations include propane from propylene with 
acrylonitrile as solvent (DuPont, U.S. Pat. 2,980,727) and ethanol 
from propanol with water as solvent [Fig. 13.24(b)]. 

Earlier explorations for appropriate solvents may have been 
conducted by the Edisonian technique of trying whatever was on 
the laboratory shelves. An extensive list of mixtures and the 
extractive distillation solvents that have been studied is in the book 
of Kogan (Azeotropic and Extractive Distillation, Leningrad, 1971, 
pp. 340-430, in Russian). 

Some of the many solvents that have been examined for certain 
hydrocarbon separations are listed in Table 13.8; part (c) for 
n-butane and butene-2 separations includes data showing that 
addition of some water to the solvent enhances the selectivity. The 
diolefins butadiene and isoprene are available commercially as 
byproducts of cracking operations and are mixed with other 
close-boiling saturated, olefinic and acetylenic hydrocarbons, often 
as many as 10-20 different ones. The most widely used extractive 
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solvents аге m-methylpyrrolidone (NMP), dimethylformamide 
(DMF), furfural and acetonitrile (ACN), usually with 10-20% 
water to improve selectivity, although at the expense of reduced 
solvent power and the consequent need for a greater proportion of 
solvent. A few of the many available data for these important 
separations appear in Figure 13.23(f) and Table 13.9. They show 
the effects of hydrocarbon proportions, the content of solvent, and 
the concentration of water in the solvent. Sufficient data are 
available for the major pairs of commercial mixtures to permit 
evaluation of parameters of the Wilson or other equations for 
activity coefficients in multicomponent mixtures, and thus to place 
the design of the equipment on a rational basis. Another distinction 
between possible additives is their solvent power. Table 13.10, for 
example, shows that diolefins are much more soluble in DMF than 
in ACN, and thus DMF circulation need be less. 


Calculation Methods. An often satisfactory approximation is 
to take the mixture in the presence of the solvent to be a 
pseudobinary of the keys on a solvent-free basis, and to employ the 
McCabe- Thiele or other binary distillation method to find tray and 
reflux demands. Since the relative volatility varies with concentra- 
tion of the solvent, different equilibrium curves are used for above 
and below the feed based on average loads in those zones. Figure 
13.25 is of such a construction. 

When data of activity coefficients of all pairs of components are 
known, including those with the solvent, any of the standard 
calculation procedures for multicomponent distillation, which 
include ternaries, may be used. Composition profiles found by 
tray-by-tray calculations in two cases appear in Figure 13.24. 

To the number of trays found by approximate methods, a few 
trays are added above the solvent feed point in order to wash back 
any volatilized solvent. Nonvolatility is a desirable property, but 
most otherwise suitable solvents do have appreciable volatilities. 


Extractive Distillation Recovery of Isoprene. A typical 
flowsketch and material balance of distillation and solvent recovery 
towers for extracting isoprene from a mixture of cracked products 
with aqueous acetonitrile appears in Figure 13.26. A description of 
the flowsheet of a complete plant is given in Example 2.10. In spite 
of the fact that several trays for washing by reflux are provided, 
some volatilization of solvent still occurs so that the complete plant 


TABLE 13.7. Examples of Extractive Distillation Processes for the Separation of Ideal, Nonideal, 


and Azeotropic Systems 


Additive Mixture To Be Separated 
Aniline n-heptane- methylcyclohexane 
benzene-cyclohexane 
n-heptane-toluene 
Phenol n-heptane-toluene 


iso-octane-toluene 
methylcyclohexane-toluene 


Ethyleneglycoi 
monobutylether 


methylethylketone—water 


Diethylether ethanol—water 

Higher ketones and acetone—methanol 
alcohols 

Higher esters and ethylacetate—ethanol 
alcohols 


Higher ketones and acetone-chloroform 


chloro compounds 


АТ (°C)? Remarks 
2.7 ideal mixture (a = 1.07) 
0.7 azeotrope 
12.8 
non-ideal mixtures; 
12.8 asymptotic approach of 
11.4 equilibrium curve to 
9.5 diagonal 
20.4 azetrope 
21.6 azeotrope 
8.5 azeotrope 
1.3 azeotrope 
5.0 azetrope 


а AT is the difference in atmospheric boiling points, °C. 
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TABLE 13.8. Relative Volatilities of Three Binary Systems and Their Enhancement in 
the Presence of Several Solvents 


(a) n-Heptane/Methylcyclohexane with Relative Volatility of 1.07 














Mole Improve- 
per cent Av. rel. ment 
in liquid Т, °С. volatility, factor, Ref. 
Solvent phase (av.) оң ав/а Хо. 
АпШіпе............... 92 139 1.52 1.42 1 
78 121 1.40 1.31 1 
70 110 1.27 1.19 2 
58 113 1.26 1.18 1 
Furfural.............. 79 — 1.35 1.26 1 
Phenol................ 81 -- 1.81 1.24 1 
Nitrobenzene.......... 82 — 1.81 1.24 1 
Dichlorodiethyl ether... 81 -- 1.28 1.20 1 
Aminocyclohexane..... 76 -- 1.16 1.08 1 
Ругійіпе.............. 70 — 1.4 1.81 2 
Ethanol.............. 70 — 1.3 1.21 2 
n-Butanol............. 70 — 1.3 1.21 2 
tert-Butanol........... 70 -- 1.25 1.17 2 
Acetic acid............ 70 -- 1.27 1.19 2 
Мопе................. -- — 1.07 1.00 2 
! Griswold, Andres, Van Berg, and Kasch, Ind. Eng. Chem., 38, 66 (1946). 
2 Fenske, Carlson, and Quiggle, Ind. Eng. Chem., 39, 1322 (1947), 
(b) Cyclohexane/Benzene with Relative Volatility of 1.02 
Mole Improve- 
per cent Relative ment 
in volatility, factor, 
Solvent charge T.C. ag ов/а 
Acetic асій.................... 69,0 84 1.75 1.78 
Меіћапоі..................... 67.3 58 1.58 1.61 
Біһапо1....................... 67.3 65 1.36 1.38 
т-Рторапо!.................... 70.5 79 1.26 1.28 
Іѕоргорапо]................... 67.9 70 1.22 1.24 
Dioxane.- o соза а тылын 67.4 86 1.75 1.78 
Chlorex (dichlorodiethyl ether).. 67.5 105 2.81 2.86 
Methyl Cellosolve............ 2% 66.7 85 1.84 1.88 
СеШовоіуе..................... 67.5 95 1.58 1.6і 
САТО 43 emus 66.8 87 1.99 2.03 
Асебопе...................... 66.3 55 2.03 2.07 
Methyl ethyl Кеболе........... 65.1 72 1.78 1.81 
Diácetorie.-. зо eek 67.3 89 1.82 1.85 
Бутійіпе................... a 66.9 93 1.83 1.86 
ANNs). cece. ла ұға аз 66.8 93 2.11 2.16 
Nitromethane................- 67.8 74 3.00 3.06 
Китоһепгепе.................. 68.2 102 2.25 2.30 
АсебошїмШе.................... 67.8 65 2.85 2.92 
Furfural.. ecco lll ed os 67.1 79 3.10 3.16 


Phenols НК dama 66.8 92 2.01 2.05 


Updike, Langdon, and Keyes, Trans. Am. Inst. Chem. Engrs., 41, 717 (1945). 


TABLE 13.8—(continued) 


(c) Butane/2-Butene with Relative Volatility of about 1.08? The asterisks denote that 
data are included for both dry and wet solvents 











Solvent Vol/vol HC Temperature, °F | а = уса/Уса _ 
Hydroxyethylacetate 4 133 1.54 
Methylsalicylate 2 156 1.46 
Dimethylphthalate 2 142 1.41 
Ethyl oxalate 2 154 1.38 
Carbitolacetate 2 160 1.35 
Diethy! carbonate | 2 172 1.28 
Amylacetate | 2 180 121 

* Acetonitrile 2 137 1.49 
Butyronitrile 2 161 1.42 
Acrylonitrile 2 156 1.23 
Acetonyl acetone 2 141 1.43 
Cyclohexanone 2 171 1.32 
Acetophorone 2 145 1.51 
Methylhexyl ketone 2 166 1.27 
Methylamyl ketone 2 173 1.23 
Methylisobutyl ketone 2 171 1.23 
Methyldiisobutyl ketone 2 177 1.18 
Nitromethane 1.8 134 1.60 
Nitroethane 2 146 1.46 
1-Chloro-1-nitropropane 2 155 1.46 
Nitrobenzene 2 150 1.41 
o-Nitrotoluene 2 155 1.38 
o-Nitroanisole 2 130 1.30 
n-Formylmorpholine 4.6 133 1.60 
Morpholine 2 160 1.41 
Pyridine 2 176 1.35 
Quinoline 2 148 1.33 
Picoline 2 188 1.29 
Вепгуі alcohol 3 144 1.48 

* Phenol 2 138 1.47 
Diacetone alcohol 2 146 1.32 
Buty] alcohol 2 152 121 
2-Ethyl butyl alcohol 2 161 120 
o-Hexanol 2 159 1.18 
tert-Butyl alcohol 2 154 1.16 
Benzaldehyde 2 145 1.42 

* Furfural 3 158 1.40 
3,4-Diethoxybenzaldehyde 2 125 1.11 
Butyraldehyde 2 165 1.09 

* Aniline 3 130 1.65 
o-Chloroaniline 2 152 1.44 
Methylaniline 2 146 1.42 
o-Toluidine 2 148 1.38 
Dimethyl aniline 2 169 1.37 
n-Tributyl amine 2 176 1.09 
Cellosolve 2 152 1.40 
Dichloroethylether 2 152 1.39 
Anisole 2 175 1.28 
Butyl Ceilosoive 2 163 1.24 
Diethyl Cellosolve 2 179 1.23 
Diethyl carbitol 2 173 1.23 
n-Butylether 2 197 1.10 
Solvents with water 

* Furfural, 96 wt 9; 3.7 128 1.78 

* Aniline, 96.5 wt % 4.4 132 177 
Methylacetoacetate (90 vol %) 3.6 134 1.67 

* Phenol (90 vol %) 2.5 133 1.66 
Acetonylacetone (95 vol %) 3 128 1.58 

* Acetonitrile (90 vol %) 4 133 1.58 
Benzyl alcohol (95 vol %) 2.5 133 1.51 
o-Chlorophenol (90 vol %) 5.0 180 1.50 











[Data from Hess, Narragon, and Coghlin, Chem. Eng. Prog. Symp. Ser. 2, 72-96 
(1952). 
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TABLE 13.9. Relative Volatilities of C, and C; Hydrocarbons in Various Solvents 


(a) Volatilities of Butenes Relative to Butadiene at 40°С 





Acetonitrile 





Mole 

Fraction 

Hydro- DMF with 12% Н.О 

carbons in 

Solution  1-Butene  trans-2-Butene  cis-2-Butene 1-Butene 
0.05 2.10 1.66 1.6 — 
0.10 1.90 1.62 1.43 1.81 
0.15 2.15 1.65 1.40 1.83 


trans-2-Butene 


Dry 13% H,O 


cis-2-Butene 1-Butene trans-2-Butene  cis-2-Butene 


= -- 1.86 1.47 1.41 
1.44 1.37 1.73 1.38 1.31 
1.50 1.35 1.73 1.43 1.20 


[Galata, Kofman, and Matveeva, Chem. Chem. Tech. (іп Russian) 2, 242-255 (1962). 


(b) Volatilities at Infinite Dilution and 20°С Relative to 
Butadiene 





Solvent 
Compound None Furfural DMF NMP ACN 
n-Butane 0.88 3.0 3.04 3.84 3.41 
Isobutylene 1.03 2.03 2.00 2.45 2.20 
Butene-1 1.01 1.97 1.95 2.44 2.16 
t-Butene-2 0.86 1.42 1.54 2.02 1.70 
c-Butene-2 — 1.29 1.40 1.76 1.56 


(Evans and Sarno, Shell Development Co.). 


(c) Enhancement of Relative Volatilities of C, and C, 
Hydrocarbons 


No. а/а, in Presence of Solvent 





Class and Name Solvent 
of Hydrocarbons % Рига! DMF ACN 
Alkanes/alkenes 
n-Butane/1-butene 0.83 1.53 1.83 1.70 
i-Butene/1-butene 1.14 1.52 1.83 1.70 
i-Pentane/2-methyl-1-butene 1.08 1.66 1.85 — 
n-Pentane/2-methyl-1-butene 0.84 1.61 1.80 — 
Alkanes/dienes 
1-Butene/butadiene 1.04 1.57 1.91 1.69 
Trans-2-butene/butadiene 0.83 1.44 1.85 1.71 
cis-2-butene/butadiene 0.76 1.41 1.84 1.71 
2-Methyl-2-butene/isoprene 0.87 1.45 1.84 — 
Isoprene/3-methyl-1-butene 0.88 — 1.37 — 


(Galata et al., loc cit.] 


TABLE 13.10. Solubilities (wt %) of Classes of C, and С. 
Hydrocarbons in Various Solvents 





DMF with ACN with Furfural with 
8% 12% 8% 12% 4% 
Compounds Water Water Water Water Water 
Saturated 7 5 14 9 7 
Olefins 18 13 32 22 18 
Diolefins 58 41 32 22 24 
Acetylenes 69 50 — — 


[Galata, Kofman, and Matveeva, Chem. Chem. Tech. (in Russian) 2, 
242—255 (1962)]. 


also has water wash columns on both hydrocarbon product streams. 
A further complication is that acetonitrile and water form an 
azeotrope containing about 69 mol % solvent. Excess water enters 
the process in the form of a solution to control polymerization of 
the unsaturates in the hotter parts of the towers and reboilers. 

Two feasible methods for removal of as much water as desired 
from the azeotrope are depicted on Figure 13.27. The dual pressure 
process takes advantage of the fact that the azeotropic composition 
is shifted by change of pressure; operations at 100 and 760 Torr 
result in the desired concentration of the mixture. In the other 
method, trichlorethylene serves as an entrainer for the water. A 
ternary azeotrope is formed that separates into two phases upon 
condensation. The aqueous layer is rejected, and the solvent layer is 
recycled to the tower. For economic reasons, some processing 
beyond that shown will be necessary since the aqueous layer 
contains some acetonitrile that is worth recovering or may be 
regarded as a pollutant. 


AZEOTROPIC DISTILLATION 


The objective of azeotropic distillation is the separation or 
concentration beyond the azeotropic point of mixtures with the aid 
of an entrainer to carry some of the components overhead in a 
column. Ап azeotrope is a constant boiling mixture with vapor and 
liquid phases of the same composition. A related class of systems is 
that of partially miscible liquids that also boil at constant 
temperature. The two phases exert their individual vapor pressures 
so that the boiling temperature and vapor composition remain 
constant over the full range of immiscibility, but the compositions of 
vapor and overall liquid phases are only accidentally the same. In 
most cases of immiscible liquids, the horizontal portion of an х-у 
diagram crosses the x = y line, for instance, the system of n-butanol 
and water of Example 13.5. The system of methylethylketone and 
water is one of the few known exceptions for which the immiscible 
boiling range does not cross the x = у line of Figure 13.28(b). 
Artificial systems can be constructed with this behavior. Thus 
Figures 13.28(c) and (d) are of diagrams synthesized with two 
different sets of parameters of the Margules equation for the activity 
coefficients; one of the x—y lines crosses the diagonal and the other 
does not. Figure 13.28(a) for acetone and water is representative of 
the most common kind of homogeneous azeotropic behavior. 

The overhead stream of the distillation column may be a 
low-boiling binary azeotrope of one of the keys with the entrainer 
or more often a ternary azeotrope containing both keys. The latter 
kind of operation is feasible only if condensation results in two 
liquid phases, one of which contains the bulk of one of the key 
components and the other contains virtually all of the entrainer 
which can be returned to the column. Figure 13.29(a) is of such a 
flow scheme. When the separation resulting from the phase split is 


not complete, some further processing may make the operation 
technically as well as economically feasible. 


Data of Azeotropes. The choice of azeotropic entrainer for a 
desired separation is much more restricted than that of solvents for 
extractive distillation, although many azeotropic data are known. 
The most extensive compilation is that of Ogorodnikov, Lesteva, 
and Kogan (Handbook of Azeotropic Mixtures (in Russian), 1971). 
It contains data of 21,069 systems, of which 1274 are ternary, 60 
multicomponent, and the rest binary. Another compilation 
(Handbook of Chemistry and Physics, 60th ed., CRC Press, Boca 
Raton, FL, 1979) has data of 685 binary and 119 ternary 
azeotropes. Shorter lists with grouping according to the major 
substances also are available in Lange's Handbook of Chemistry 
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(12th ed., McGraw-Hill, New York, 1979). Data of some ternary 
systems are in Table 13.11. 


Commercial Examples. Тһе small but often undesirable 
contents of water dissolved in hydrocarbons may be removed by 
distillation. In drying benzene, for instance, the water is removed 
overhead in the azeotrope, and the residual benzene becomes dry 
enough for processing such as chlorination for which the presence of 
water is harmful. The benzene phase from the condenser is refluxed 
to the tower. Water can be removed from heavy liquids by addition 
of some light hydrocarbon which then is cooked out of the liquid as 
an azeotrope containing the water content of the original heavy 
liquid. Such a scheme also is applicable to the breaking of aqueous 
emulsions in crude oils from tar sands. After the water is removed 
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Figure 13.24. Composition profiles and flowsketches of two extractive distillation processes. (a) Separation of methylcyciohexane and toluene 
with phenol as solvent (data calculated by Smith, 1963). (b) Separation of aqueous ethanol and isopropanol, recovering 98% of the ethanol 
containing 0.2 mol % isopropanol, employing water as the solvent. Flow rates are in mols/hr (data calculated by Robinson and Gilliland, 


1950). 
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y (solvent free) 





х (solvent free) 


Figure 13.25. Illustrating McCabe- Thiele construction of pseudobi- 
nary extractive distillation with smaller relative volatility below the 
feed plate. 


azeotropically, solids originally dissolved or entrained in the 
aqueous phase settle out readily from the dry hydrocarbon phase. 
Even in the evaporation of water from caustic, the addition of 
kerosene facilitates the removal of water by reducing the 
temperature to which the pot must be heated. 


Fractionator 
10.5" dia. x 173 TT 
24" tray spacing 


Stripper 
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24" tray spacing 










Residue 


Solvent 


Recovered 
3100 Ib/hr 




















isoprene 
ACN makeup steam 
Component 1 2 3 4 5 
Pentanes 
& Olefins 13,600 13,430 170 170 0 
Isoprene 17,435 488 17,12 16,947 165 
Pentadienes + 15,090 160 66,363 14,930 51,433 
АСМ 0 2200 275,228 900 277,428 
Water 0 0 41,350 0 41,350 
46,125 16,278 400,223 32,947 370,376 


Figure 13.26. Flowsketch for the recovery of isoprene from a 
mixture of Css with aqueous acetonitrile. Flow quantities in Ib/hr, 
pressures in psia, and temperatures in °F. Conditions are 
approximate. (Data of The C. W. Nofsinger Co.) 


Ordinary rectification for the dehydration of acetic acid 
requires many trays if the losses of acid overhead are to be 
restricted, so that azeotropic processes are used exclusively. Among 
the entrainers that have been found effective are ethylene 
dichloride, n-propyl acetate, and n-butyl acetate. Water contents of 
these azeotropes are 8, 14, and 28.7 wt%, respectively. 
Accordingly, the n-butyl acetate is the most thermally efficient of 
these agents. The n-propyl acetate has been used in large 
installations, in the first stage as solvent for extraction of acetic acid 
and then as azeotropic entrainer to remove the accompanying 
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Figure 13.27. Separation of the azeotropic mixture of acetonitrile 
and water which contains approximately 69 mol % or 79.3 wt 96 of 
acetonitrile. (Pratt, Countercurrent Separation Processes, Elsevier, 
New York, 1967, pp. 194, 497). (a) A dual pressure process with 
the first column at 100 Torr and the second at 760 Torr. (b) Process 
employing trichlorethylene as entrainer which carries over the water 
in a ternary azeotrope that in turn separates into two phases upon 
condensation. 
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Figure 13.28. Vapor-liquid equilibria of some azeotropic and partially miscible liquids. (a) Effect of pressure on vapor-liquid equilibria of a 
typical homogeneous azeotropic mixture, acetone and water. (b) Uncommon behavior of the partially miscible system of methylethylketone 
and water whose two-phase boundary does not extend byond the y — x line. (c) х-у diagram of a partially miscible system represented by the 
Margules equation with the given parameters and vapor pressures P? = 3, Р® = 1 atm; the broken line is not physically significant but is 
represented by the equation. (d) The same as (c) but with different values of the parameters; here the two-phase boundary extends beyond 


the y = x line. 


water. Extractive distillation with a high boiling solvent that is 
immiscible with water upon condensation is technically feasible for 
acetic acid drying but is a more expensive process. 

Ethanol forms an azeotrope containing 5 wt % water. In older 
installations, dissolved salts were employed to break the azeotrope. 
Typical data are in Figure 13.28(c). Several substances form ternary 
azeotropes with ethanol and water, including benzene, gasoline, 
and trichlorethylene. The first is not satisfactory because of slight 
decomposition under distillation conditions. A flowsketch of a 


process employing benzene is in Figure 13.29(а). In a 
modernization of the benzene process (Raphael Katzen Associates, 
Cincinnati, OH), a high purity ethanol is made by controlling the 
distillation so that the lower 10 trays or so are free of benzene. 
Another entrainer, diethyl ether, has the desirable property of 
forming an azeotrope with water but not with ethanol. The water 
content of the azeotrope is small so that the operation is conducted 
at 8 atm to shift the composition to a higher value of 396 water. In 
small installations, drying with molecular sieves is a competitive 
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Figure 13.29. Composition profiles and flowsketches of two azeotropic distillation processes (adapted by King, 1980). (a) Separation of 
ethanol and water with benzene as entrainer. Data of the composition profiles in the first column were calculated by Robinson and Gilliland, 
(1950); the flowsketch is after Zdonik and Woodfield (in Chemical Engineers Handbook, McGraw-Hill, New York, 1950, p. 652). (b) 
Separation of n-heptane and toluene with methylethylketone entrainer which is introduced in this case at two points in the column (data 


calculated by Smith, 1963). 


process. Separations with membranes of both vapor and liquid 
phases, supercritical extraction with carbon dioxide and many other 
techniques have been proposed for removal of water from ethanol. 
Formic acid can be dehydrated with propyl formate as 
entrainer. Small contents of formic acid and water in acetic acid can 
be entrained away with chloroform which forms binary azeotropes 
with water and formic acid but no other azeotropes in this system. 
Some hydrocarbon separations can be effected azeotropically. 
Figure 13.29(b) shows an operation with methylethylketone which 


entrains n-heptane away from toluene. Нехапе in turn is an 
effective entrainer for the purification of methylethylketone by 
distilling the latter away from certain oxide impurities that arise 
during the synthesis process. 


Design. When the vapor-liquid equilibria are known, in the 
form of UNIQUAC parameters for instance, the calculation of 
azeotropic distillation may be accomplished with any of the 
standard multicomponent distillation procedures. The Naphthali- 


Sandholm algorithm (Fig. 13.20) and the @-method of Holland 
(1981) are satisfactory. Another tray-by-tray algorithm is illustrated 
for azeotropic distillation by Black, Golding, and Ditsler [Adv. 
Chem. Ser. 115, 64 (1972). A procedure coupling the tower, 
decanter, and stripper of Figure 13.29(a) is due to Prokopakis and 
Seider [AIChE J. 29, 49 (1983)]. Two sets of composition profiles 
obtained by tray-by-tray calculations appear in Figures 13.29(а) and 


(b). 
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MOLECULAR DISTILLATION 


This process is an evaporation that is conducted at such low 
pressures that the distance between the hot and condensing surfaces 
is less than the mean free path of the molecules. Each unit is a 
single stage, but several units in series are commonly employed. 
Molecular distillation is applied to thermally sensitive high 
molecular weight materials in the range of 250-1200 molecular 


TABLE 13.11. Selected Ternary Aezotropic Systems at Atmospheric Pressure 


(a) Systems with Water and Alcohols 


A—Ethyi Alcohol (В.Р. 78.39) 
Ethyl acetate (6) 
Diethyl formal (7) 
Diethyl acetal (8) 
Cyciohexane 
Benzene (4) 
Chloroform 
Carbon tetrachloride 
Ethyl iodide 
Ethylene chloride 


В--п-Ртору! Alcohol (В.Р. 97.29) 
n-Propyl formate (6) 
n-Propyl acetate (6) 
Di-n-propyl formal (7) 
Di-n-propyl acetal (8) 
Di-n-propy! ether (7) 
Cyclohexane 
Benzene (4) 

Carbon tetrachloride 
Diethyl ketone 


C—Isopropyl Alcohol (В.Р. 82.5?) 
Cyclohexane 
Benzene (4) 


D—n-Butyl Alcohol (В.Р. 117.89) 
n-Butyl formate (6) 
n-Buty! acetate (6) 
Di-n-butyl ether (7) 


E—Isobuty! Alcohol (В.Р. 108.0?) 
Isobutyl formate (6) 
Isobuty! acetate 


F—tert-Butyl Alcohol (B.P. 82.6?) 
Benzene (4) 
Carbon tetrachiorida (9) 


G—n-Amyl Alcohol (B.P. 137.8?) 
n-Amyl formate (6) 
п-Атуі acetate (6) 


H—Isoamyl Alcohol (В.Р. 131.4?) 
іѕсату! formate (6) 
tsoamyl acetate (6) 


I—Aliy! Alcohol (В.Р. 97.09) 
n-Hexane 
Cyclohexane 
Benzene 
Carbon tetrachloride 








% By weight 
Other 
com- 
Water | Alcohol | ponent 


7.8 9.0 83.2 
12.1 18.4 69.5 
11.4 27.6 61.0 
7 17 76 
7.4 18.5 74.1 
3.5 4.0 92.5 
4.3 9.7 86.0 
5 9 86 
5 17 78 
80.9 70.8 13 5 82 
101.6 82.2 ?1.0 19.5 59.5 
137.4 86.4 8.0 44.8 47.2 
147.7 87.6 27.4 51.6 21.0 
91.0 74.8 11.7 20.2 68.1 
80.8 66.6 8.5 10.0 81.5 
80.2 68.5 8.6 9.0 82.4 
76.8 65.4 5 11 84 
102.2 81.2 20 20 60 
80.8 64.3 7.5 18.5 74.0 
80 66.5 7.5 18.7 73.8 


106.6 83.6 21.3 19.0 68.7 
126.2 89.4 37.3 27.4 35.3 


141.9 91 29.3 42.9 27.7 
94.4 80.2 17.3 6.7 76.0 
117.2 86.8 30.4 23.1 46.5 
80.2 67.3 8.1 21.4 70.5 
76.8 64.7 3.1 11.9 85.0 


131.0 91.4 37.6 21.2 41.2 
148.8 94.8 56.2 33.3 10.5 


124.2 | 89.8 | 32.4 | 19.6 | 48.0 
142.0 | 93.6 | 44.8 | 31.2 | 24.0 
69.0 59.7 5 5 90 
80.8 | 66.2 8 и 81 
80.2 | 68.2 8.6 9.2 | 82.2 
76.8 65.2 5 11 84 











(Lange, Handbook of Chemistry, McGraw-Hill, New York, 1979). 
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TABLE 13.11—(continued) 
(b) Other Systems 























C tA Components 
Mole %А = 100 — B Band С B and С Н 
Е Carbon tetrachloride 57.6 61.8 
Ethanol 23.0 2 phase 
Trichloroethylene 38.4 67.25 
Ethanol 41.2 2 phase 
Trichloroethylene 49.2 71.4 
Allyl alcohol 17.3 2 phase 
Trichloroethylene 51.1 71.55 
Propyl alcohol (n) 16.6 2 phase 
Ethanol 12.4 70.5 
Ethyl acetate 60.1 
Ethanol 22.8 64.86 
Benzene 53.9 
Allyl alcohol 9.5 
Benzene 62.2 
Propy! alcohol (n) 8.9 
Benzene 62.8 
Carbon disulfide............. Methanol 24.1 
Ethyl bromide 35.4 
Methyl formate.............. Ethyl bromide 23.8 
Isopentane 31.0 
Ethyl ether 7.2 
Pentane (n) 48.2 
Propyl lactate (n)............ Phenetol 35.2 
Menthene 34.1 











weights, such as oils, fats, waxes, essential oils and scents, vitamins 
and hormone concentrates, and to the deodorization of high 
molecular weight materials. 

Operating pressures are in the range of 1 m Torr. For example, 
the mean free paths of normal triglycerides of 800 molecular weight 
are 


P (m Torr) Path (mm) 
8 7 
3 2b 
1 50 


The theoretical Langmuir equation for the rate of evaporation is 


w' 22100P^VM/T kg/m? hr (13.223) 
with the vapor pressure P" in Torr, the temperature in K, and with 
M as the molecular weight. Industrial apparatus may have 80-90% 
of these rates because of inefficiencies. Some numerical values at 
120°С are: 


Compound M P? (Torr) w' (kg/ m? hr) 
Stearic acid 284 35.0 1.87 
Cholesterin 387 0.5 2.02 
Tristearin 891 0.0001 2.74 


From Langmuir's equation it is clear that it is possible to separate 
substances of the same vapor pressure but different molecular 
weights by molecular distillation. 


Apparatus and Operating Conditions. The main kinds of 
commercial units are illustrated in Figure 13.30. In the falling film 
type, the material flows by gravity as a thin film on a vertical heated 
cylinder, evaporates there, and is condensed on a concentric cooled 
surface. Diameters range from 2 to 50 cm, heights 2 to 10m, and 
feed rates from 1 to 60 L/hr. In order to prevent channelling, the 
surface of the evaporator is made rough or other means are 


employed. The cross section of a wiped film commercial still is 
shown in Figure 13.30(b). Contact times in commercial apparatus 
may be as low as 0.001 sec. 

In the centrifugal still, the material that is charged to the 
bottom creeps up the heated, rotating conical surface as a thin film, 
is evaporated, and then condensed and discharged. The film 
thickness is 0.05-0.1 mm. Rotors are up to about 1.5 m dia and turn 
at 400—500 rpm. Evaporating areas are up to 4.5 m? per unit, feed 
rates range from 200 to 700 L/hr, and distillates range from 2 to 
400 L/hr, depending on the service. From three to seven stills in 
series are used for multiple redistillation of some products. Two 
stills 1.5 m dia can process a tank car of oil in 24 hr. A typical 
pumping train for a large still may comprise a three-stage steam 
ejector, two oil boosters and a diffusion pump, of capacity 
1000—5000L/sec, next to the still. Equivalent mechanical pumps 
may be employed instead of the ejectors, depending on the 
economic requirements. 

The evaporator of Figure 13.30(d) is for service intermediate 
between those of ordinary film evaporators and molecular stills, 
with greater clearances and higher operating pressures than in the 
latter equipment. The rotating action permits handling much more 
viscous materials than possible in film evaporators. 


13.12. TRAY TOWERS 


Contacting of vapor and liquid phases on trays is either in 
countercurrent flow or with cross flow of liquid against vapor flow 
upward. The spacing of trays is determined partly by the necessity 
of limiting carryover of entrainment from one tray to another, and 
is thus related to the vapor velocity and the diameter of the vessel. 
For reasons of accessibility of trays to periodic servicing, however, 
their spacing commonly is 20—24 in. Then workmen can go up or 
down the tower through removable sections of the trays and have 
enough room to work in. For the same reason, tray diameters are 
restricted to a minimum of 30 in. When a smaller size is adequate, 
cartridge trays that can be lifted out of the vessel as a group, as in 
Figure 13.31(b), or packed towers are adopted. A data sheet for 
recording key data of a tray tower is in Table 13.12. The tedious 
calculations of many mechanical details of tray construction usually 
are relegated to computers. 


COUNTERCURRENT TRAYS 


The three main kinds of trays with countercurrent flow of liquid and 
gas are: 


Dualfiow, with round holes in the 1/8-1/2in. range, extensively 
tested by Fractionation Research Inc. (FRI). 


Turbogrid, with slots 1/4-1/2іп. wide, developed by Shell 
Development Co. 


Ripple trays, made of perforated corrugated sheets, with vapor flow 
predominantly through the peaks and liquid through the 
valleys, developed by Stone and Webster. 


Although some of the vapor and liquid flows through the 
openings are continuous, the bulk of the flows pass alternately with 
a surging action. The absence of downcomers means a greater 
bubbling area and consequently a greater vapor handling capacity, 
and also allows a close spacing to be used, as little as 9 in. in some 
applications. The action in such cases approaches those of towers 
filled with structured packings. Their turndown ratio is low, that is, 
the liquid drains completely off the tray at lowered vapor rates. 
Consequently, countercurrent trays have never found widespread 
use. 
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Figure 13.30. Molecular distillation and related kinds of equipment. (a) Principle of the operation of the falling film still (Chemical Engineers 
Handbook, McGraw-Hill, New York, 1973). (b) Thin-layer evaporator with rigid wiper blades (Luwa Co., Switzerland). (c) The Liprotherm 
rotating thin film evaporator, for performance intermediate to those of film evaporators and molecular stills (Sibtec Co., Stockholm). (d) 


Centrifugal molecular still [Hickman, Ind. Eng. Chem. 39, 686 (1947)]. 
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Figure 13.31. Assembled sieve tray towers. (а) Flowsketch of а sieve tray tower (Treybal, 1980). (b) Cartridge type 


sieve tray tower in small diameters (Pfaudler Co.). 


On crossflow trays, the path of liquid is horizontal from 
downcomer to weir and in contact with vapor dispersed through 
openings in the tray floor. Such flows are illustrated in Figures 13.31 
and 13.32. Depending on the rate and on the diameter, the liquid 
flow may be single, double, or four-pass. A common rule for 
dividing up the flow path is a restriction of the liquid rate to a 
maximum of about 8 gpm/in. of weir length. Usually towers 5 ft dia 
and less are made single pass. Since efficiency falls off as the flow 
path is shortened, à maximum of two passes sometimes is specified, 
in which cash flow rates may approach 20 gpm/in. of weir. 

The main kinds of cross flow trays with downcomers in use are 
sieve, valve, and bubblecap. 


SIEVE TRAYS 


А liquid level is maintained with an overflow weir while the vapor 
comes up through the perforated floor at sufficient velocity to keep 
most of the liquid from weeping through. Hole sizes may range 
from 1/8 to 1іп., but are mostly 1/4-1/2in. Hole area as а 


percentage of the active cross section is 5-15%, commonly 10%. 
The precise choice of these measurements is based on consid- 
erations of pressure drop, entrainment, weeping, and mass transfer 
efficiency. The range of conditions over which tray operation 
is satisfactory and the kinds of malfunctions that can occur are 
indicated roughly in Figure 13.33(a) and the behavior is shown 
schematically on Figure 13.32(e). 

The required tower diameter depends primarily on the vapor 
rate and density and the tray spacing, with a possibly overriding 
restriction of accommodating sufficient weir length to keep the 
gpm/in. of weir below about 8. Figure 13.33(b) is a correlation for 
the flooding velocity. Allowable velocity usually is taken as 80% of 
the flooding value. Corrections are indicated with the figure for the 
fractional hole area other than 10% and for surface tension other 
than 20 dyn/cm. Moreover, the correction for the kind of operation 
given with Figure 13.34 for valve trays is applicable to sieve trays. 

Weir heights of 2 іп. are fairly standard and weir lengths about 
75% of the tray diameter. For normal conditions downcomers аге 


TABLE 13.12. Tray Design Data Sheet 


Item No. or Service 


Tower diameter, ГО. ............. 


Tray spacing, inches 
Total trays in section 


Max. A P, mm Hg .. 


Conditions at Tray No. ............ 


Vapor to tray, °F... 


Pressure, 
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Compressibility .............. 
° Density, 1Ь./си. ............. 





*Rate, lb/hr. ................. 











Liquid from tray, °Е.............. 








Surface tension ............... 
Viscosity, ср ................. 
*Density, lb./cu. ft. ............ 
Rate, lb/hr. ................. 








GPM hot liquid .............. 











Severe 


Foaming tendency ............ 


—— Moderate .. High 0 


*These values are required in this form for direct computer input. 


1. Tray numbering: top to bottom 


. Number of flow paths or passes 


. Minimum rate as a % of design rate 


. Allowable downcomer velocity 


. Adjustable weir required: yes 


. Tray material and thickness 


2 
3 
4 
5. Bottom tray downcomer: total drawoff 
6 
7 
8 


. Valve or cap material 





; bottom to top . 


ft/sec. 


other " 


; no E 





(International Critical Tables, McGraw-Hill, New York, 1929). 


sized so that the depth of liquid in them is less than 5096 and the 
residence time more than 3sec. For foaming and foam-stable 
systems, the residence time may be two to three times this value. 
The topic of tray efficiency is covered in detail in Section 13.6, but 
here it can be stated that they are 80-90% in the vicinity of 
Е =u,Vp, =1.0 (ft/sec)(Ib/cuft)!? for mixtures similar to water 
with alcohols and to С„—С, hydrocarbons. 

А detailed design of a tray includes specification of these items: 


1. Hole dia, area, pitch and pattern. 

Blanking of holes for less than eventual load. 
Downcomer type, size, clearance, and weir height. 
Tray thickness and material. 

Pressure drop. 

Turndown ratio before weeping begins. 

Liquid gradient. 


DUO оо 


Correlations for checking all of these specifications are known. 
Ап example is worked out by Fair (in Smith, 1963, Chap. 15). The 
basis is holes 3/16 in. dia, fractional open area of 0.10, weir height 
of 2 in. and tray spacing 24 in. 

Тһе correlation of Figure 13.33 has no provision for multipass 


liquid flow. Corrections could be made by analogy with the valve 
tray correlation, as suggested at the close of Example 13.15. 


VALVE TRAYS 


The openings in valve trays are covered with liftable caps that 
adjust themselves to vapor flow. Illustrations of two kinds of valves 
are in Figure 13.32(b). The caps rest about 0.1in. above the floor 
and rise to a maximum clearance of 0.32in. The commonest hole 
diameter is 1.5 іп. but sizes to біп. are available. Spacing of the 
standard diameter is 3—6 in. With 3 in. spacing, the number of valves 
is 12-14/sqft of free area. Some of the tray cross section is taken up 
by the downcomer, by supports, and by some of the central manway 
structure. 

In spite of their apparent complexity of construction in 
comparison with sieve trays, they usually are less expensive than 
sieve trays because of their larger holes and thicker plates which 
need less support. They are more subject to fouling and defer to 
sieves for such services. 

Tray diameters may be approximated with Figure 13.34 which 
is for “normal” systems, 24 in. tray spacing, and 80% of flooding. 
For other tray spacings, corrections may be approximated with the 
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Figure 13.32. Internals and mode of action of trays in tray towers. (a) Some kinds of bubblecaps (Glitsch). (b) Two kinds of valves for trays. 
(c) Vapor directing slot on a Linde sieve tray [Jones and Jones, Chem. Eng. Prog. 71, 66 (1975)|. (d) Vapor flow through a bubblecap. (е) 
Sieve tray phenomena and pressure relations; A, is the head in the downcomer, h, is the equivalent head of clear liquid on the tray, A, is the 
visible height of froth on the tray, and Й, is the pressure drop across the tray (Bolles, in Smith, 1963). (£) Assembly of and action of vapor 


and liquid on a bubblecap tray. 
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Figure 13.33. Operating ranges of malfunctions and flooding velocity correlation of sieve trays. (a) Performance of a typical sieve tray, 
showing ranges of weeping, dumping, entrainment, and flooding. (b) Correlation of flooding at various tray spacings. For normal operation, 
take 80% of the flooding rate as a design condition. To correct for surface tension (dyn/cm), multiply the ordinate by (0/20). To correct 
for other than 1076 hole area, multiply the ordinate by 0.9 for 8% and by 0.8 for 6% [after Fair and Matthews, Pet. Refin. 37(4), 153 (1958)]. 


sieve tray correlation of Figure 13.33(c). Factors for correcting the 
allowable volumetric rate for various degrees of foaming are given 
with the figure. 

Formulas and procedures for calculation of detailed tray 
specifications arc presented, for example, by Glitsch Inc. (Bulletin 
4900, Ballast Tray Design Manual, Dallas, TX, 1974), and 
illustrated with a completely solved numerical problem. 





EXAMPLE 13.15 

Comparison of Diameters of Sieve, Valve, and Bubblecap 

Trays for the Same Service 

А С; splitter has 24 in. tray spacing and will operate at 8096 of 
flooding. These data are applicable: 


W, —271,500 ib/hr of vapor, 
Q, = 27.52 cfs of vapor, 

W, = 259,100 lb/hr of liquid, 
О, = 1100 gpm, 

Py = 2.75 Ib/cutt, 

pz = 29.31b/cuft. 


Sieve tray: Use Figure 13.33(b): 


abscissa = (259,100/271,500) V2.75/29.3 = 0.2924, 
ordinate, C = 0.24, 
ug = СМ(0; — py)/ py = 0.24V29.3/2.75 — 1 = 0.746 fps. 


Allowable velocity at 80% of flooding, 


BUBBLECAP TRAYS 


Bubblecap assemblies serve to disperse the vapor on the tray and to 
maintain a minimum level of liquid. A few of the many kinds that 
have been used are in Figure 13.32, together with illustrations of 
their mode of action and assembly on a tray. The most used kinds 
are 4 or 6in. dia round caps. Because of their greater cost and 





Ug = 0.8(0.746) = 0.597 fps, 
- D-VQ,l(x/4yug = У27.52/(т/4)(0.597) = 7.67 ft. 





Valve tray: Use Figure 13.34: 


(cfs) Vp, (р, — py) = 27.52V2.75/(29.3 — 2.75) = 8.86, 


. 4  [94ft, 
sre |, ft, 


one pass, 
two passes. 


Bubblecap tray: Use Eq. (13.224): 


К = 4.2 for 24 in. tray spacing, 
г.р = 0.0956[271,500/4.2V29.3(2.75)]'? = 8.11 ft. 


The correlations for sieve and bubblecap trays have no 
provision for multipass flow of liquid. Their basic data may have 
been obtained on smaller towers with liquid flow equivalent to 
two-pass arrangement in towers 8ft dia. The sieve tray correlation 
should be adapted to multipass flow by comparison with results 
obtained by the valve tray correlation in specific cases. 
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Figure 13.34. Chart for finding the diameters of valve trays. Basis of 24 ш. tray 
spacing and 80% of flood for nonfoaming services. Use Figure 13.32(b) for approxi- 


mate adjustment to other tray spacings, and divide the Vioaa = V к ЫР. by the 


,- Py 
given "system factor" for other services (Glitsch Inc., Bulletin 4900, Dallas, TX, 
1974). 


problems with hydraulic gradient, bubblecap trays are rarely with the factor K dependent on the tray spacing as follows: 
installed nowadays, having lost out since about 1950 to the other 
two kinds. Since they do have a positive liquid seal and will not run Tray spacing (in.) 18 24 30 30+ 
dry, they are used sometimes in low liquid flow rate situations such K 3.4 4.2 47 5.0 
as crude vacuum towers, but even there they have lost out largely to 
structured tower packings which have much lower pressure drop. 
The allowable vapor velocity and the corresponding tra: 
diameter are scaled by the EE of Souders and Broun hich W, = vapor flow rate (lb/hr), 
is cited in standard textbooks, for example Treybal (1980). Its Py = vapor density (lb/cuft), 
equivalent is the “Jersey Critical” formula, р; = liquid density (Ib/cuft). 


Here 


D =0.0956(W, /КУргр,)"?, ft (13.224) Example 13.15 compares diameters of sieve, valve, and 


bubblecap trays calculated with the relations cited in this section. 
All of these relations presumably are based on limiting the amount 
of entrainment to a level that does not affect efficiency appreciably. 
Accordingly, the differences in diameters found in that example are 
due less, perhaps, to differences in performances of the different 
kinds of trays than to the particular data on which the correlations 
are based. 

A factor that is of concern with bubblecap trays is the 
development of a liquid gradient from inlet to outlet which results 
in corresponding variation in vapor flow across the cross section and 
usually to degradation of the efficiency. With other kinds of trays 
this effect rarely is serious. Data and procedures for analysis of this 
behavior are summarized by Bolles (in Smith, 1963, Chap. 14). 
There also are formulas and a numerical example of the design of 
ali features of bubblecap trays. Although, as mentioned, new 
installations of such trays are infrequent, many older ones still are 
in operation and may need to be studied for changed conditions. 


13.13. PACKED TOWERS 


In comparison with tray towers, packed towers are suited to small 
diameters (24in. or less), whenever low pressure is desirable, 
whenever low holdup is necessary, and whenever plastic or ceramic 
construction is required. Applications unfavorable to packings are 
large diameter towers, especially those with low liquid and high 
vapor rates, because of problems with liquid distribution, and 
whenever high turndown is required. In large towers, random 
packing may cost more than twice as much as sieve or valve trays. 

Depth of packing without intermediate supports is limited by 
its deformability; metal construction is limited to depths of 20—25 ft, 
and plastic to 10—15ft. Intermediate supports and liquid 
redistributors are supplied for deeper beds and at sidestream 
withdrawal or feed points. Liquid redistributors usually are needed 
every 21-3 tower diameters for Raschig rings and every 5-10 
diameters for pall rings, but at least every 20 ft. 

The various kinds of internals of packed towers are represented 
in Figure 13.35 whose individual parts may be described one- 
by-one: 


(a) is an example column showing the inlet and outlet connections 
and some of the kinds of internals in place. 

(b) is a combination packing support and redistributor that can also 
serve as a sump for withdrawal of liquid from the tower. 

(c) is a trough-type distributor that is suitable for liquid rates in 
excess of 2 gpm/sqft in towers two feet and more in diameter. 
They can be made in ceramics or plastics. 

(d) is an example of a perforated pipe distributor which is available 
in a variety of shapes, and is the most efficient type over a wide 
range of liquid rates; in large towers and where distribution is 
especially critical, they are fitted with nozzles instead of 
perforations. 

(e) is a redistribution device, the rosette, that provides adequate 
redistribution in small diameter towers; it diverts the liquid 
away from the wall towards which it tends to go. 

(Г) is а holddown plate to keep low density packings in place and to 
prevent fragile packings such as those made of carbon, for 
instance, from disintegrating because of mechanical distur- 
bances at the top of the bed. 


KINDS OF PACKINGS 


The broad classes of packings for vapor-liquid contacting are either 
random or structured. The former are small, hollow structures with 
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large surface per unit volume that are loaded at random into the 
vessel. Structured packings may be layers of large rings or grids, but 
are most commonly made of expanded metal or woven wire screen 
that are stacked in layers or as spiral windings. 

The first of the widely used random packings were Raschig 
rings which are hollow cylinders of ceramics, plastics, or metal. 
They were an economical replacement for the crushed rock often 
used then. Because of their simplicity and their early introduction, 
Raschig rings have been investigated thoroughly and many data of 
their performance have been obtained which are still useful, for 
example, in defining the lower limits of mass transfer efficiency that 
can be realized with improved packings. 

Several kinds of rings are shown in Figure 13.36. They are 
being made in a variety of internal structure and surface 
modifications. Pall rings in metal and plastics are perhaps the most 
widely used packings. One brand, “Hy-Pak,” has corrugated walls 
and more intrusions than the standard designs shown in the figure. 
Cascade minirings, with height less than the diameter, appear to 
have improved efficiency in comparison with some other pall rings. 
Saddles are more efficient because of greater surface and improved 
hydrodynamics. In plastic construction, Figure 13.36(h), they are 
made with a variety of holes and protrusions to enlarge the specific 
surface. When ceramic construction is necessary, saddles are the 
preferred packings. A survey of efficiencies of packed beds is in 
Table 13.13. 

Whenever possible, the ratio of tower and packing diameters 
should exceed 15. As a rough guide, lin. packing is used for gas 
rates of about 500 cfm and 2 in. for gas rates of 2000 cfm or more. 

Structured packings are employed particularly in vacuum 
service where pressure drops must be kept low. Because of their 
open structure and large specific surfaces, their mass transfer 
efficiency is high when proper distribution of liquid over the cross 
section can be maintained. Table 13.14 is a comparison of various 
features of five commercial makes of structured packings. The 
HIGEE centrifugal fractionator of Figure 13.14 employs structured 
packing in the form of perforated metal. 

Ultimately, the choice of packing is based on pressure drop and 
mass transfer efficiency. Since packings of individual manufacturers 
differ in detail, the manufacturers pressure drop data should be 
used. A few such data are in Figures 13.37 and 13.38. Mass transfer 
efficiency is discussed in the next section. 


FLOODING AND ALLOWABLE LOADS 


The main operating limitation of the operation of a packed bed is 
the onset of flooding. Then the interstices tend to fill with liquid, 
the gas becomes unable to flow smoothly, and the pressure drop 
begins to rise sharply. The classic correlation of the flood point is 
due to Sherwood and Lobo et al. It is shown in Figure 13.39. 
Clearly, there is much scatter and many more recent kinds of 
packings are not covered. Nevertheless, it is fairly standard practice 
to design for a flow rate of 70-80% of that given by the correlation. 
In case the liquid is a foaming type, the factor is 40% of the 
flooding rate, or some means of eliminating the foam is found. 

The correlation of Eckert (Fig. 13.37) combines a pressure 
drop relation and safe flow rates insofar as staying away from the 
flooding point is concerned. A flooding line corresponds to pressure 
drops in excess of 2 in. water/ft. In use, a pressure drop is selected, 
and the correlation is applied to find the corresponding mass 
velocity G from which the tower diameter then is calculated. 
Another correlation recommended by a manufacturer of packings 
appears in Figure 13.40. Example 13.16 compares these correlations 
for a specific case; they do not compare any more closely than could 
be expected from the scatter of flooding data. 
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Figure 13.35. Packed column and internals. (а) Example packed column with a variety of internals [Chen, Chem. Eng. 40, (5 Mar. 
1984)]. (b) Packing support and redistributor assembly. (c) Trough-type liquid distributor. (d) Perforated pipe distributor. (е) 
Rosette redistributor for small towers. (f) Hold-down plate, particularly for low density packing. 
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Figure 13.36. Some kinds of tower packings: (a) Raschig ring; (b) partition or Lessing ring; (c) double spiral ring; (d) metal pall ring; (e) 
plastic pall ring; (f) ceramic Berl saddle (Maurice A. Knight Co.); (g) ceramic intalox saddle (Norton Co.); (h) plastic intalox saddle (Norton 
Co.); (i) metal intalox saddle (Norton Co.); (j) Tellerette (Chem-Pro Co.); (k) plastic tripak (Polymer Piping and Metals Co.); (1) metal 
tripak (Polymer Piping and Metals Co.); (m) wood grid; (n) section through expanded metal packing; (o) sections of expanded metal 
packings placed alternatively at right angles (Denholme Co.); (p) GEM structured packing (Glitsch Inc.). 


TABLE 13.13. Survey of Efficiencies of Packed Beds 

















Packing Bed System 
Dia. Size, Depth HETP, HTU, press., 
System m Type m m m m kPa 
Hydrocarbons 
Absorber 0.91 Pall rings 0.05 70 0.85 — 5,964 
L. О top fractionator 0.91 Pall rings 0.05 5.2 0.76 — 1.083 
L. O. bottom fractionator 1.22 Ра! rings 0.05 5.2 0.85 - 1.083 
Deethanizer top 0.46 Pall rings 0.038 6.1 0.88 - 2,069 
Deethanizer bottom 0.76 Pall rings 0.05 55 1.01 — 2,069 
Depropanizer top 0.59 Pali rings 0.038 4.88 0.98 — 1.862 
Depropanizer bottom 0.59 Pall rings 0.038 732 0.73 -- 1.862 
Debutanizer top 0.50 Pall rings 0.038 3.66 0.73 — 621 
Debutanizer bottom 0.50 Pall rings 0.038 5.49 0.61 — 621 
Pentane-isopentane 0.46 Pall rings 0.025 2.74 0.46 — 101 
Light/heavy naphtha 0.38 Ра! rings 0.025 3.05 0.62 0.54 13 
0.38 intalox 0.025 3.05 0.76 0.61 13 
0.38 Raschig rings 0.025 3.05 0.71 0.52 13 
Iso-octane/toluene 0.38 Pall rings 0.025 3.05 0.43 0.45 13 
0.38 Pali rings 0.025 3.05 0.53 0.51 13 
Gas plant absorber 1.22 Pall rings 0.025 7.0 0.88 — 6.206 
2.2,4-trimethyl-pentane/ 
methylcyclo-hexane 0.91 Stedman 76 0.88 — 101 
3.35 Stedman 24 0.13 - 101 
Hydrocarbons/water 
Acetone 0.36 Intalox 0.025 3.96 0.46 - 101 
0.46 Рай rings 0.025 8.38 0.37 - 101 
Methanol (batch) 0.61 Intalox 0.038 4.27 — 0.76 101 
Methanol 0.41 Pall rings 0.025 4.27 — 0.52 101 
0.30 Intalox 0.025 8.23 0.46 = 101 
15оргорапо! 0.53 Plastic рай 0.038 4.88 m 0.84 101 
0.33 Intalox 0.025 6.40 — 0.76 101 
0.46 Intalox 0.025 3.35 0.48 - 101 
Ethylene glycol 1.07 Pall rings 0.038 4.88 0.91 — 31 
Propylene glycol 0.25 Intaiox 0.013 1.83 — 0.86 101 
Furfural 0.51 Intalox 0.038 5.49 0.61 - 101 
Formic acid 0.91 Pall rings 0.05 10.67 0.76 = 101 
Acetone (absorption) 0.61 Intalox 0.038 5.49 — 0.46 101 
Benzolchloride/ 
benzene/steam 0.61 Pall rings 0.025 5.18 — 1.07 101 
Tall oil/steam 3.66 Intalox 0.05 10.46 0.76 — 101 
Methylisobuty! 
ketone/steam 1.07 Intalox 0.038 8.53 1.22 — 101 
Acetone 0.38 Intalox 0.05 2.90 0.53 0.47 101 
0.38 Pall rings 0.038 290 0.46 0.55 101 
0.38 Pall rings 0.025 290 0.44 0.34 101 
0.38 Intalox 0.025 2.90 0.52 0.32 101 
0.38 Berl 0.025 2.90 0.52 0.34 101 
0.38 Cer. Raschig 0.025 2.90 1.05 0.36 101 
0.38 Raschig rings 0.025 2.90 0.52 0.36 101 
0.38 Pall rings 0.016 2.90 0.40 0.32 101 
Methanol 0.38 Pall rings 0.025 2.90 0.66 0.67 101 
Polar hydrocarbons 
Methyl furan/ 
methyl tetra-hydrofuran 0.61 Intalox 0.038 14.63 0.53 — 101 
Benzoic acid/ 
toluene 0.61 Intalox 0.038 6.40 0.46 -- 101 
Methone (5. 5 dimethyl 
1, 3 cyclohexanedione), 
batch 0.56 Pall rings 0.038 9.75 0.49 == 101 
Monochloro 
acetic acid/ 
acetic anhydride 0.25 intalox 0.025 2.74 — 0.86 8.0 
Tar acid distillation 
{batch} 0.46 Pall rings 0.038 9.14 0.49 - 13 
Cresols (batch) 0.46 Pall rings 0.038 9.14 0.85 - 13 
Benzene/ 
monochioro-benzene 0.38 Intalox 0.038 2.90 80 0.52 101 
0.38 Intalox 0.025 2.90 1.13 0.76 101 
Methylethylketone/ | 
toluene 0.38 Pall rings 0.025 2.90 0.35 0.29 101 
0.38 Raschig rings 0025 2.90 0.30 0.31 101 
0.38 Intalox 0.025 2.90 0.23 0.27 101 
0.38 Berl 0.025 2.90 031 0.31 101 
0.38 Cer. Raschig 0.025 2.90 0.46 0.30 101 
0.38 Pall rings 0.025 2.90 0.40 0.28 101 
0.38 Raschig rings 0.025 2.90 0.35 0.30 101 
0.38 Intalox 0.025 2.90 0.29 0.26 101 
0.38 Berl 0.025 2.90 0.34 0.29 101 
0.38 Cer. Raschig 0.025 2.90 0.31 0.27 101 
Phenol/ortho-creosol 0.46 Pall rings 0.038 914 0.49 - 13 
Fatty acid 0.76 Рай rings 0.038 12.19 0.85 — 4.94 
Вепгепе/топо- 
chloro-benzene 1.83 (ntalox 0.038 9.75 1.07 - 13 
ОМРС/ 
DMPC cresols/ 
OBOC batch 0.46 Pall rings 0.038 9.14 0.49 - 2.67 
CH,CU 
CH;Ch/ 
CHCIJ 
сс. 0.48 intalox 0.025 20.73 046 = 101 
Methylene! 
light ends 0.46 Intatox 0.025 13.41 0.46 - 101 
Methylene/ 
product 0.64 intatox 0.038 13.72 0.46 — 101 
Chioroform/ 
product 0.56 Intalox 0 038 27 43 046 - 101 





[Eckert, Chem. Eng. Prog. 59(5) 76 (1963). 
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TABLE 13.14. Comparison of Structured Tower Packings 








Koch-Sulzer Neo-Kloss 
Goodloe packing Hyperfil packing packing packing Leva film trays 
General information: 
Type Knitted multifilament Knitted multifilament Corrugated Rolled screen Multiple unsealed 


woven-wire fabric 


with spacers 


downcomer trays on 
close tray spacing 


Approximate number of units 12 in and larger 610 90 500 43 120 
sold through 1975 
Largest diameter sold to date 5 ft, 8 in 5 ft ПА 6ft 14 ft, 6 in 
Materials in which available 2 i: a a ^ 
Process and system considerations: 
Minimum head pressure, torr 1 1 0.5 0.5: 5 
Liquid considerations: 
Minimum rates, gal/(min)(f?)* 0.016 0.1! 0.08 0.1! 0.05 
Maximum rate, gal/(min)y(ft?)* 249 47! >8 3.8: 5 
Maximum viscosity, cP 200 100 
Holdup, fraction of total volume, typical 0.07—0.12 0.1 0.04 0.03 
Sensitivity to uneven initial liquid Moderate Moderate Fairly low High? Moderate 
distribution 
Vapor F factor, based on intemal cross- 0.5-1.5 1.0 18 2.5-3.0 
sectional area of shell, typical 
Maximum lo 14 3.3 4.0 2.0 
Minimum low 0.14 0.16 0.25 
HETS, in: 
Range 3%-8% 3%-9 4-10 4-18 12-24 
Typical 5 5 7 8 18 
Pressure drop, mmHg per foot of packed height e е See Fig. 3 See Fig. 2 See Fig. 4 
Pressure drop per theoretical stage 2 % © s 
Fouling considerations: 
Sensitive to particulate solids? Yes Yes Moderately” No No 
Sensitive to fouling by tarry substances? Yes Yes Moderately” Yes No 
Sensitive to fouling from polymer formation? Yes Yes Moderately” Yes No 
Mechanical considerations: 
Is the device furnished as a package including Optional Optional Optional Yes Optional 
sheil and intemals? 
Can it be installed through shell manholes? Yes? Yes Yes No No 
Can it be installed in an existing shell with Yes? Yes Yes Yes* 
only minor modifications? 
Test facilities: 
Are pilot test facilities available? Yes Yes Yes Yes Yes 





"Any metal capable of being drawn into wire. 


"Any metal which can be fabricated into the required shapes. 


"These liquid rates are generally those claimed by the manufacturers. Very low liquid loadings [below 0.2 gal/(min)(&?)] always re- 
quire special attention to the design of the liquid-distribution system. 
?Neo-Kloss packing requires highly precise initial liquid distribution because liquid cannot spread from one layer of screen to the next. 
Care is needed in the design of the distribution system (provided by vendor), in its installation, and in prevention of fouling. 
“Хо general curves are available for estimating from F factor. See vendor bulletins for calculational methods. 
"Vendor bulletins indicate that pressure drop per theoretical stage will be about 0.5 mmHg or less. 
“Рог Koch-Sulzer packing, Neo-Kloss packing, and Leva film trays, a preliminary estimate can be made by dividing the pressure drop 
per foot of packing at a typical or expected F factor loading from Fig. 2, 3, or 4 by an assumed HETS (in feet). 
*Relatively good irrigation properties minimize the potential for dry spots which promote fouling. 
‘Vendor considers those values to be extremes normally used but not absolute limits. 
*Techniques have been developed to permit installation through a manhole. However, it is preferred and usually less costly to provide 
full shell flanges on either new or existing columns. 
*Full shell opening required. 


. Leva film tray, typical data 


Koch-Sulzer packing, cis-/trans-decalin 
at 20 Torr (Koch Bulletin KS-1) 


Neo-Kloss packing, cis-/trans-decalin 
at 5 Torr (Chem-Pro Bulletin ну-510). 


Pressure drop, Torr/ft of packed height 





22,2 3 0.5 
FruvPpy . (ft/sec) (1Ь/сий Е} 7 





(Р.б. Nygren, т Schweitzer, 1979). 
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LL 
p= Viscosity of liquid, centipoise 9165 2 3 4 500 1000 2000 
Qc= Gravitational constant = 32.2 Air mass velocity, 16/412} (h) 
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(c) 


Figure 13.37. Corrrelation of flow rates, typical pressure drop behavior, and packing factors of random packed beds. [Eckert, Foote, and 
Walter, Chem. Eng. Prog. 62(1), 59 (1966); Eckert, Chem. Eng. (14 Apr. 1975)]. (a) Correlation of flow rate and pressure drop in packed 


towers. (b) Typical pressure drop data: 2 in. porcelain intalox saddles, with F — 40, in a bed 30 in. dia by 10 ft high. (c) Packing factors, F, of 
wet random packings. 


LIQUID DISTRIBUTION 


Liquid introduced at a single point at the top of a packed bed 
migrates towards the walls. Relatively high liquid rates, as in 
distillation operations where the molal flow rates of both phases are 
roughly comparable, tend to retard this migration. When liquid 
rates are low, the maldistribution is more serious. In any event good 
distribution must be provided initially. A common rule is that the 
number of liquid streams should be 3—5/sqft in towers larger than 
3ft dia, and several times this number in smaller towers. Some 
statements about redistribution are made at the beginning of this 
section. 


LIQUID HOLDUP 


The amount of liquid holdup in the packing is of interest when the 
liquid is unstable or when a desirable reaction is to be carried out in 
the vessel. A correlation for Raschig rings, Berl saddles, and intalox 
saddles is due to Leva (Tower Packings and Packed Tower Design, 
U.S. Stoneware Co., Akron, OH, (1953): 

L,, = 0.0004(L/D,)°°, сай liquid/cuft bed (13.225) 
with L in Ib liquid/(hr)(sqft) and D, is packing size (in.). For 
instance, when L = 10,000 and D, =2, then L,, = 0.066 cuft/cuft. 


PRESSURE DROP 


Although several attempts have been made to correlate data of 
pressure drop in packed beds in accordance with the general theory 
of granular beds, no useful generalization has been achieved. In any 
event, all manufacturers make available such data measured for 
their packings, usually only for the air-water system. Samples of 
such data are in Figures 13.37, 13.38, and 13.40. 


13.14. EFFICIENCIES OF TRAYS AND PACKINGS 


The numbers of theoretical or equilibrium stages needed for a given 
vapor-liquid separation process can be evaluated quite precisely 
when the equilibrium data are known, but in practice equilibrium is 
not attained completely on trays, and the height of packing 
equivalent to a theoretical stage is a highly variable quantity. In a 
few instances, such as in large diameter towers (10ft or so), a 
significant concentration gradient exists along the path of liquid 
flow, so that the amount of mass transfer may correspond to more 
than that calculated from the average terminal compositions. Mass 
transfer performance of packed beds is most conveniently expressed 
in terms of HETS (height equivalent to a theoretical stage), 
particularly when dealing with multicomponent mixtures to which 
the concept of HTU (height of a transfer unit) is difficult to apply. 
In addition to the geometrical configuration of the tray or packing, 
the main factors that affect their efficiencies are flow rates, 
viscosities, relative volatilities, surface tension, dispersion, submer- 
gence, and others that are combined in dimensionless groups such 
as Reynolds and Schmidt. 


TRAYS 


In spite of all the effort that has been expended on this topic, the 
prediction of mass transfer efficiency still is not on a satisfactory 
basis. The relatively elaborate method of the AIChE Bubble-Tray 
Manual (AIChE, New York, 1958) is based on the two-film theory 
but has not had a distinguished career. A number of simpler 
correlations have been proposed and have some value as general 
guidance. That literature has been surveyed recently by Vital, 
Grossel, and Olsen [Hyd. Proc., 55-56 (Oct. 1984); 147-153 (Nov. 
1984); 75—78 (Dec. 1984)]. 
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Efficiency of mass transfer is expressed as the ratio of the actual 
change іп mol fraction to the change that could occur if equilibrium 
were attained 

Е = Ay/(Ay Jequitibrium- (13.226) 
Because of concentration gradients along the tray, primarily in the 
liquid phase, the overall efficiency is different from a point 
efficiency. Since the hydraulics of the tray usually cannot be known 
accurately, point and overall efficiencies are difficult to relate. In 
Table 13.15, for instance, three kinds of efficiencies are shown: 


Egg is an overall efficiency based on average changes іп the vapor 
phase mol fraction. 


E,, is the Murphree efficiency, іп which (Ay) qui, is used as in 
equilibrium with the liquid leaving the tray. 

E, is the ratio of theoretical trays needed for a given separation to 
the actual number required, and is called the overall efficiency. 


Since the efficiency may vary with the position on an individual 
tray and on the position of the tray in the tower, the three kinds are 
not the same. When more than one value is shown in Table 13.15 or 
other literature, the smallest value should be taken as the overall 
efficiency when that number is needed. 

The values of Tables 13.15 and 13.16 probably are not the 
optima in all cases. The graphs of Figure 13.41 indicate that 
efficiencies depend markedly on the vapor flow factor, F = и\р, 
and there often is а peak in the efficiency curve. Figure 13.42 shows 
the effect of liquid flow rate across the tray and through the 
downcomer, measured as a percentage of the flow required to fill 
the downcomer of this particular tray. 

Some of the available methods for estimating tray efficiencies 
will be described. A useful summary of the AIChE bubble-cap tray 
method is in the book of King (1980, pp. 621-626). Some of the 
literature that has found fault with this method is cited by Vital et 
al. (1984). 

The method of O'Connell is popular because of its simplicity 
and the fact that predicted values are conservative (low). It 
expresses the efficiency in terms of the product of viscosity and 
relative volatility, иа, for fractionators and the equivalent term 
НР/и for absorbers and strippers. The data on which it is based аге 
shown in Figure 13.43. For convenience of use with computer 
programs, for instance, for the Underwood—Fenske—Gilliland 
method which is all in terms in equations not graphs, the data have 
been replotted and fitted with equations by Negahban (University 
of Kansas, 1985). For fractionators, 


Е = 53.977 — 22.521 (log x) + 3.0700(log х)? 

— 11.000(log x)’, (13.227) 
where x = ua, и is viscosity (cP) and а is relative volatility. For 
absorbers and strippers, 


E = 39.425 + 20.034(log x) + 1.3480(log x)? 

— 0.3528(log х)?, (13.228) 
where x = HP/p, H is Henry’s law constant [Ibmol/(cuft)(atm)], P 
is in atm, and и is in cP. 

The equation of McFarland, Sigmund, and Van Winkle [Hyd. 
Proc., 111-114 (Jul. 1972)] is based primarily on data obtained in 
pilot plant and laboratory units. It shows a weak dependence on 
several dimensionless groups. About 800 data points were 
correlated. The absolute average deviation was 10.695, and 90% of 
the calculated values were within 24% of the experimental ones. 
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Figure 13.38. Capacity and pressure drop in beds of pall (“ballast”) 
rings (Glitsch, Inc.). (a) Capacity chart for pall rings. V, = vapor 


velocity (ft/sec). Example with 1 in. rings, 


fractional loading = C/Cz 
Е Te 161/0.188 — 0.856 at constant V/L 
0.161/0.200 — 0.805 at constant gpm. 


(b) Pressure drop at 85% of flooding. (c) Pressure drops with 1 and 


3.5 in. metal and plastic rings at a range of flow rates. 
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Figure 13.39. The Sberwood-Lobo correlation of flooding limit in random packed beds. ug 
is the superficial linear velocity of the gas, 4, /и,, is the ratio of viscosities of the liquid and 
water, 5, is the specific surface of the packing (sqft/cuft), Ре and ру are densities of gas 
and liquid, and e is the fraction voids; the ratio S,/e° is the factor F of the table with Figure 
13.37 [Sherwood, Shipley and Holloway, Ind. Eng. Chem. 30, 765 (1938); Lobo, Friend, 


and Hashmall, Trans. AIChE 41, 693 (1945)]. 





EXAMPLE 13.16 
Performance of a Packed Tower by Three Methods 
A packed tower with 3 in. metal pall rings will be analyzed for the 
system of Example 13.15. The packing factor is F = 15 sqft/cuft. 
(a) Use the correlation of Figure 13.37: 


abscissa = (L/G)Vpy/(p, — py) 
= (259,100/271,500)У2.75/(29.3 — 2.75) = 0.3071. 


Тһе ordinate y is read off the figure for several values of AP/L; then 
the flow rate С” and the cross sectional areas are calculated from 


G' = Vg;pv(pr - py) F— 12.52 Vy,  Ib/(sec)(saft), 
А=271,500/36006' = 75.417/G', зай, 


AP/L у С’ А D 


0.25 0.019 1.726 43.69 7.45 
0.50 0.035 2.34 32.23 6.41 
1.00 0.048 2.74 27.52 5.92 


(b) Apply the method of Figure 13.38 Юг a tower 7.5 ft dia, 
44.18 sqft. 


abscissa = 1100/A = 24.9 gpm/saft, 
ordinate C = (27.52/A)V2.75/(29.3 — 2.75) 
= 8.857/44.18 = 0.2004. 


The intersection of the line through the origin and the operating 
point (24.9, 0.2004) with the 3 in. ring line (interpolated) is at 


Cr = 0.27. 
Therefore, 
% flooding = 100(0.2004/0.27) = 74%. 
Check the pressure drop by this method. 
C? = (0.2004)? = 0.040. 


Interpolating on Figure 13.38(c) to 3in. pall rings, at 1100/44.18 = 
24.9 gpm/sqft, 


AP/L = 0.35 in. water/ft, 
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EXAMPLE 13.16—(continued) 


which is а rough check of the value AP/L = 0.25 by method (а). 
Method (b), however, predicts that flooding would occur when 
А = 32.23, whereas method (a) says this size is acceptable if the 
pressure drop of 0.50 can be tolerated. 

(c) Check the flooding by the Sherwood-Lobo correlation 
(Figure 13.39): 


(L/G)Vpg/ p, = (259,100/271,500)V2.75/29.3 = 0.2924, 


у = 0.53 = ((Q/zD?Y 16g, (o/ pr) (uz /u, ) 
ғ(27.52/лр2)22.75/16(32.2)(29.3), 
D- Е ft, at flooding, 
6.31ft, at 80% of flooding. 


These values are more nearly consistent with the data of Figure 
13.37. 





The equation is 


Ему = 7.0(D, (Sc)? Re)’, (13.229) 


where 


Ему = percent efficiency, 
D, = о, / uj Uy, 
Sc= иу/р Dry, 
Re = hy Uypy/[(uz)FA)], 
о; = за асе tension  (Ib/hr?), 
иг = liquid viscosity (lb/ft hr), 
U, = superficial vapor velocity (ft/hr), 
Рк = diffusivity of light key component (ft?/hr), 
hy = height of меш (ft), 
f, = liquid density (Ib/ft)), 
ру =vapor density (Ib/ft?), 
FA - fractional free area available for vapor flow. 


The equation of Bakowski [Br. Chem. Eng. 14, 945 (1969); 8, 384, 
472 (1963)] is 


1 
143705 KM/h'p,T 





Ex (13.230) 


where 


Е = overall column efficiency (fractional), 
K = vapor-liquid equilibrium ratio, y*/x, 
y* = gas-phase concentration at equilibrium (mole fraction), 
x = liquid-phase concentration (mole fraction), 
M = molecular weight, 
А' = effective liquid depth (mm), 
р; = liquid density (kg/m?), 
T = temperature (K). 


The equation of Chu, Donovan, Bosewell, and Furmeister [J. Appl. 
Chem. 1, 529 (1951)] is 


102, E = 1.67 + 0.30 log, (L/V) — 0.25 log,o(u а) + 0.30h, , 
(13.231) 


where 


L, У = the liquid and vapor flow rates  (kmol/sec), 
uz = the viscosity of the liquid feed (mN sec/m?), 
а = the relative volatility of the key components, 
һу = the effective submergence (m), taken as the distance 
from the top of the slot to the weir lip plus half the 
slot height. 


Four of these relations are applied ín Example 13.17. The 
McFarland and Bakowski methods bracket experimental values, 


whereas the other methods give low values. This comparison, of 
course, probably is not generally valid. Even experimental values 
are not exact, unless they are found for exactly the desired 
operating conditions, the same tray design, and for the same key 
components. Nevertheless, the collected experimental data and the 
several correlations that have been cited supply a background on 
which judgement can be applied to specific problems. 


PACKED TOWERS 


Тһе most useful measure of the separating power of packed towers 
is the HETP, the height equivalent to a theoretical plate or stage. It 
is evaluated simply as the ratio of packed height used for a certain 
degree of separation to the theoretical number of stages. Its relation 
to the fundamental quantity, HTU, or the height of a transfer unit, 
is 


in(mV/L) 


НЕТР = HTU ур, 


(13.232) 


where т is the slope of the equilibrium curve. In distillation, the 
equilibrium and operating lines diverge below the feed point and 
converge above it. As a result the value of mV/L averages 
approximately unity for distillation so that HETP and HTU become 
essentially equal. Usually this is not true in absorption-stripping 
processes. 

Data also are reported as mass transfer coefficients. For the gas 
phase, the relation to the HTU is 

(ATU), = G/kgaP, (13.233) 
where G is the molal flow rate of the gas, say in the units 
Ibmol/(hr)(sqft), P is the total pressure and Ка has the units 
Ibmol/(hr)(cuft)(unit of pressure). The liquid phase relation is 

(НТО), = Lk, арг, (13.234) 
where L is the molal flow rate of the liquid [Ibmol/(hr)(sqft)], Ага 
has the units Ibmol/(hr)(cuft)(unit of concentration difference), and 


Px is the liquid density. The individual HTUs are combined into 
overall expressions by 


(HTU)og = (НТО) с + (m'V/L)H,, 
(HTU),, = (НТО), + (L/m"V) Hg. 


(13.235) 
(13.236) 


The positions of the slopes т” and т” of the equilibrium curve are 
identified in Figure 13.44(а). 

Selected data of НЕТР, kga, НТО and pressure drop аге in 
Figures 13.45 and 13.46. 


Mass Transfer Coefficients. А relation covering liquid and 
vapor phase mass transfer coefficients is cited in Section 13.9. 


АР, inches water/ft. packing 
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TABLE 13.15. Survey of Tray Efficiencies 





Col. Weir 
dia., Press., Temp., height, Tray efficiency, % 
System m kPa °K m Ес Env E, Remarks 
Bubble-cap 
Ethanol/Water 0.46 98 
— 70 95 
0.11 64.6 
0.46 101 80-90 90-130 with splash baffle 
— 95 
— 81 +11% 
0.48 0.81 85 +5% 
0.15 99.8 Сагеу (1934) 
0.196 101 80 
Methylcyclohexane/ 0.11 64.6 
toluene 
Air/water 1.52 290 83 
Carbon dioxide/water 0.076 80 125 no mixing 
— 100 50% mixing 
Acetic acid/water 0.46 101 65 
0.59 58 54 +5% 
Deuterium/hydrogen 0.027 20 50 44 +3% 
Oxygen/nitrogen — 76 +9% 
Acetone/water 5.49 91 
-- 83 +2% 
Ethylene dichloride/ -- 0.032 95 
toluene 
Sugar/water 1.52 80 
CHCIJCCI, — 90 +5% 
Ammonia/water 0.305 101 283 77 
Methanol/water 1.0 90 
шы 70 
Acetone/benzene — 79 + 1% 
Methanol/Isopropanol/ 0.45 68 68 
water — 70 
— 68 
Acetone/methanol/water 0.45 60 
-- 60 
- 80 
Gasoline stabilizers 1.44 1,820 75 100 Brown (1936) 
Benzene/toluene 0.2 60 Lewis (1930) 
0.2 70 Carey (1934) 
0.15 58 Carey (1934) 
Aniline/water 0.2 58 Carey (1934) 
Naphtha/water 2.74 65 Lewis (1928) 
Isopropanol/water 0.45 78 
Methanol/isopropanol 0.45 64 
Acetone/methanol 0.45 61 
Benzene/toluene/xylene 0.2 75 Lewis (1930) 
Naphtha/pinene/aniline 0.2 90 Lewis (1930) 
Sieve 
Ethanol/Water 0.076 101 45.5 
0.127 85 
0.196 101 90 
— 71.4 CA-100455C (1970) 
Lab 120 Brown (1936) 
Methylethylketone/Water 0.08 41 
Acetone/water 0.05 101 25.5 
0.11 43.5 + 11.5% 
0.15 373 80 
Benzene/water 0.05 101 9.6 
Toluene/water 0.05 101 7.1 
n-Heptane/ 0.04 77.6 +2.07% 
methylcyclohexane 
n-Heptane/cyclohexane 1.2 165 0.05 85 
2.44 165 0.05 75 
1.2 164 0.05 90 60% flood 
Toluene/ 0.15 101 54.6 +15% 
methylcyclohexane — 27 55.5 +5% 


TABLE 13.15—(continued) 


System 
Sieve, cont. 


Methylcyclohexane/ 
toluene 

Propane/butane 

Carbon dioxide/water 


n-Octane/toluene 
Air/water/ammonia 


Oxygen/water/ammonia 

Ammonia/water 

Methylisobutylketone/ 
water 

Ethylene dichloride/ 
toluene 

Methylethylketone/toluene 

Airfethanol 

Air/propanol 

Меіһало/ССІ, 

Methanol/water 


Acetone/CCi, 
Isopropanol/water 


Benzene/toluene 


Benzene/methanol 
Cyclohexane/toluene 
Ethylbenzene/styrene 


Helium/ 
methylisobutylketone 

Nitrogen/isobutanol 

Nitrogen/cyclohexanol 

Acetic acid/water 

Benzene/propanol 

Cyclohexane/n-heptane/ 
toluene 


n-Heptane/toluene 
n-Heptane/benzene 
CClJbenzene 
Isobutane/n-butane 
Ethanol/water/furfural 
n-Hexane/ethanol/ 
methyicyclopentane 
n-Hexane/ethanol/ 
methyicyclopentane/ 
benzene 
Benzene/n-propanol 
Toluene/n-propanol 


Beer/water 


Col. 
dia., 
m 


0.05 


0.08 


0.15 
0.15 
0.08 


0.15 
0.3 
0.08 


0.05 


0.15 


0.46 
0.03 
0.46 
0.03 


Сотт. 


Ргезз., 
кРа 


101 


111 


101 


101 


101 


101 


690 
103 
13 
13 


101 


101 


101 
101 
101 
101 


Тетр., 
°К 


298 
298 


283 
298 


353 


333 


333 


366 
366 
366 
366 


Weir 
height, 
m 


0.025 
0.08 
0.03 


0.08 


0.05 


0.03 


0.08 
0.14 
0.05 
0.038 
0.038 
0.051 


0.02 
0.02 


0.08 
0.08 
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Tray efficiency, % 


Еа 


85.7 
70 


41.5 


80 
77 
25.7 
56 
79.2 


50 


76.5 


86.4 


90 


80 
70 


78 
110 


70 
70.3 
71 
55 
60 


Е,, 


88 
80 
89.7 
96.4 


65 
75 
89 
64 


93 


75 


80.5 
80.5 
85.2 
94.2 


75 


75 
58.6 


45 
62 
55 
68 


110 


54 
57 
61 
57 


E, 


91 


100 
125 
100 


50 


75 


88 


72.9 


85 
70 


71 


65 
120 





Remarks 


i596 
no mixing 
50% mixing 


+0.1 


+7% 


$1.7 


+20% 
+5% 
+0.8 
%13% 


СА-100455С (1970) 
+9% 
СА-100455С (1970) 


+7.1% 
1 pass 
2 pass 
4 pass 


+5% 


+20% 


96.6% flood 


no vapor pulsing 
vapor pulsing 


CA-165714Y (1980) 
40.9 

-2.5 

-4.4 

+ 14.3 

-15 

-1.9 

+5%, 60% flood 
+ 5%, 60% flood 
%5%, 60% flood 
+8%, 60% flood 
Brown (1936) 





(continued) 


TABLE 13.15—(continued) 


System 
Sieve, cont. 


Air/water 
triethyleneglycol 


APV-West 
Methanol/water 


Kascade 
Ethanol/water 


Methylcyclohexane/toluene 


Oxygen/water 


Tunnel 
Furfural/isobutane & 
butylene 
Furfural/n-outane & 
butylene 


Turbogrid 
Ammonia/water 
Ethanol/water 


Methanol/water 


Methanol/isopropanol/ 
water 

Methanol/isopropanol 
V-Grid 

Air/water/ammonia 
Combination valve-sieve 

Benzene/propanol 

Ethylenebenzene/styrene 


Wyatt Perfavalve 
Propanol/toluene 
Propanol/benzene 


Valve 
Benzene/toluene/xylene 
Ethanol/water 


n-Propanol/benzene 
n-Propanol/toluene 
Ethylbenzene/styrene 
Benzene/C, aromatics 


Round valve 
Ethanol/water 

L-Type valve 
Ethanol/water 


Nutter valve 


Propanol/benzene 
Propanol/toluene 
Cyclohexane/heptane 


Koch valve 
Cyclohexane/heptane 
Benzene/toluene/xylene 


Glitsch 
n-Butane/isobutane 
Cyclohexane/n-heptane 


Methanol/water 


Col. 
dia., Press., 
m kPa 
— 101 
1.0 
0.2 
0.2 
0.2 
0.2 
4.0 593 
4.0 593 
0.3 101 
— 0.24 
— 101 
0.1 101 
Small 
0.15 
Small 
0.46 
— 13 
0.46 
0.46 
2.43 
0.032 
0.06 
0.46 
0.46 
0.5 13 
2.43 
0.196 101 
0.196 101 
— 165 
1,131 
0.5 
0.5 
1.2 
1.2 
2.43 92 
1.3 1,138 
1.3 165 
1.2 
0.1 101 


Мег 
height, 


Temp., 
°K m 


297 0.05 


318 
318 


283 


298 


303 


346 0.08 


0.05 
0.05 


0.05 
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Tray efficiency, % 


Eos 


44 
66 


Ет» 


76.7 
55.5 


56 
73 
51 
85 


63.8 
75.3 


48 


Е, Remarks 
70 
72 
+4%, ДР = 12.5 
+7%, ДР = 12.5 
85 +11% 
+2% 
+3.9% 
60 
80 
74.7% flood 
44.4% flood 
+3% 
70 
СА-107562У/ (1975) 
+5%, 60% flood 
+5%, 60% flood 
88 top 
bottom 
96 float valve 
121 float valve 
29.6% flood 
96 20% flood 
93.8 50% flood 
88 
122 V-1 Ballast 
V-1 Ballast 
97 21% flood, Valve 


High A-1 Ballast CA-31366g (1967) 


+ 2%, Vaive (downcomers) 


TABLE 13.15—(continued) 




















Col. Weir 
Ша. Press., Temp., height, Tray efficiency, 96 
System m kPa *K m Е.а Ем, Е, Remarks 
Ripple 
Methanol/water 1.0 73 
Ammonia/water 0.3 101 82 
Light gasoline 2.0 48 СА-68739С (1968) 
Uniflex 
Methanoi/water 1.0 87 
Baffle 
Toluene/methylcyclohexane — 101 87 
Angle 
Methanol/water — 101 70 | CA-18097g (1972) 
Crossflow plate 
Benzene/toluene — 60 
Ethanol/water — 70 
Jet 
Air/water/ — 101 297 0.05 65 
triethyleneglycol 
Methylethylketone/toluene 0.15 0.03 93 


[References given in the original: Vital, Grossel, and Olsen, Hyd. 
Proc., 147-153 (Nov. 1984)]. 


TABLE 13.16. Efficiency Data of Some Operations with Bubblecap, Ripple, and Turbogrid Trays 


Column Tray Static Efficiency, % 
diameter, ing, Pressure, submergence, 
Disperser fi in i i Eoct 


Bubbie cap Ethanol-water 


Methanol-water. 
Eus 1 benzene-styrene 
yclohexane-n-heptane 


Cyclohexane-n-heptane j j | ‘Tunnel caps 


Benzene-toluene 
Toluene-isooctane 


Ripple sieve Methanol-water А ; А й | 108% open 
Ethgnol-water | { 10.4% 
Methanol-water . Я А Я 4.8% ореп 
Ethyl benzene-styrene | Š 
Benzene-toluene 
Methyl alcohol-n-propyl alcchoi- 
sec-butyl alcohol 
Mixed xylenes + Cg-Cio paraffins 
and naphthenes 
Cyclohexane-n-heptane 


Isobutane-n-butane 


Turbogrid valve Methanol-water 
Ethanol water 
hyl benzene-styrene . К А 
hexane-n-heptane T . : 96 Rect. valves 
ретт i Қ Rect. valves 
Benzene-toluene 
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{Зее Eq. (18-28). 
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NOTE: To convert feet to meters, multiply by 0.3048; to convert inches to centimeters, multiply by 2.54; and to convert pounds-force per square inch to kilopascals, multiply by 6.895. 


(Chemical Engineers’ Handbook, McGraw-Hill, New York, 1984). 
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HETP Correlations. Most of the data available for correlation 
are laboratory data and not indicative of large scale behavior except 
perhaps on a comparative basis. Some guidelines for full scale tray 
behavior are stated by Frank [Chem. Eng. 111, (14 Mar. 1977)] in 
this table: 


Туре of Packing / Application HETP (m) 

25 mm dia packing 0.46 

38 mm dia packing 0.66 

50 mm dia packing 0.9 

Absorption duty 1.5-1.8 

Small diameter columns column diameter 

(«0.6 m dia.) 

Vacuum columns values as above --0.1 т 
100 
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Ut, Superficial vapor velocity, ft./sec. 
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A correlation for Raschig rings and Berl saddles by Murch [Jnd. 
Eng. Chem. 45, 2616 (1953)] covers columns up to 30in. dia and 
10 ft high. His relations are 


НЕТР = С,С'С4937' Зац, [р;, (13.237) 
where 


С” = mass velocity of vapor (kg/m? sec) of tower area, 
d, = column diameter (m), 
Z = packed height (т), 
а = relative volatility, 
и; = Наша viscosity (М sec/m?), 
p, = liquid density (kg/m?). 
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Figure 13.41. Efficiencies of some fractionations with several types of trays as a function of vapor factor F = и\/р or linear velocity. (a) Data 
of methanol/water in а column 3.2 ft dia [data of Kastanek, Ниті, and Braun, Inst. Chem. Eng. Symp. Ser. 32(5), 100 (1969)]. (b) System 
cyclohexane/n-heptane in a 4ftdia sieve column [Sakata and Yanagi, Inst. Chem. Eng. Symp. Ser. 56, 3.2/21 (1979)]; valve tray data 
(Bulletin 160, Glitsch Inc., 1967). (c) Methanol/water [Standart et al., Br. Chem. Eng. 11, 1370 (1966); Sep. Sci. 2, 439 (1967). (d) 
Styrene/ethylbenzene at 100 Torr [Billet and Raichle, Chem. Ing. Tech. 38, 825 (1966); 40, 377 (1968)]. (е) Ethanol/water (Kirschbaum, 
Destillier und Rektifiziertechnik, Springer, Berlin, 1969). (f) Methanol/water [Kastanek, Huml, and Braun, Inst. Chem. Eng. Symp. Ser. 32, 


5.100, (1969). 
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Figure 13.41—(continued) 


Values of the constants C; appear in this tabulation: 


Type of Size G 
Packing (mm) (x10 5) C, C, 
Rings 6 1.24 
9 0.77 —0.37 1.24 
12.5 7.43 —0.24 1.24 
25 1.26 -0.10 1.24 
50 1.80 0 1.24 
Saddles 12.5 0.75 —0.45 1.11 
25 0.80 —0.14 1.11 


A correlation for 25 and 70mm Raschig rings by Ellis 
[Birmingham Univ. Chem. Eng. 5(1), 21 (1953)] with HETP (m) is 


НЕТР = 18d, + 32m[(G'/L' — 1)], (13.238) 


2.0 Ib/cu ft. 
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Figure 13.42. Efficiency of Glitsch V-1 valve trays оп isobut- 
ane/butane and cyclohexane/n-heptane as a function of vapor 
density and percent of flood, measured by Fractionation Research 
Inc. (Glitsch Inc., Bulletin 160, Dallas, TX, 1958). 
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Y -VELOCITY (m/s) 
1: Uniflux plate, Е, = 0:1455, hw = 70 mm 
2: Kittel plate, Е, = 0-213, elliptic slot 14:5 х8 mm 
3: Ripple plate, F, = 0:1082, d = 3:0 mm 
4: Bubble-cap plate, Е, = 0-099, hy = 60 mm 
5: Sieve plate, F. == 0-042, kh, = 40 mm, 4 = 4:0 mm 
6: APV-West plate, F. = 0:1072, hy = 45 mm 
7: Glitsch valve plate, Al, F, == 0:14, hw = 50mm 
8: Turbogrid, set IV, Е, = 0:147, 4 = 4-5 mm 


(f) 





where 


d, is the diameter of the rings (m), 

m is the average slope of equilibrium curve, 
С’ is the vapor mass flow rate, 

L' is the liquor mass flow rate. 


HTU data have been correlated by Cornell et al. (1960) and 
updated by Bolles and Fair [Inst. Chem. Eng. Symp. Ser. 56(2), 
3.3/35 (1979)]. Pall rings, Raschig rings, and saddles are covered in 
the original article, but only the pall ring results are quoted here. 
Separate relations for the liquid and vapor phases are represented 
by Eqs. (13.239) and (13.240) and Figure 13.44. 








H, = ф(8с,)°(С)(2/10)%' (13.239) 
where 
H, = height of liquid phase transfer unit (ft), 
ф = parameter from figure, 
Sc, = liquid phase Schmidt number, u;/p,; D, , 
C — flooding correction factor from figure, 
Z = height of column packing (її); 
Ж v(Scy)^5 (2) “(2)” 
Ну (155595 \12 10) ^ (13.240) 
where 


Ну = height of gas film transfer unit (ft), 
Sc, = vapor-phase Schmidt number, 

d, = column diameter (іп.), 

Z = packing height (ft), 

р = parameter from figure, 

Lm = liquid flow rate (lb/hr) ft), 
Л-(ш/1.005)48, ц, (cP), 
Һ-(/р)5, р (в/ст?), 

В = (12.8/0)°8, о (dyn/cm). 
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Figure 13.43. Efficiencies of fractionators and absorber-strippers. The original curves of O'Connell 
[Trans. AIChE 42, 741 1946)] have been replotted and fitted with equations, as shown on the figures, 
by S. Negahban (University of Kansas, 1985). (a) Fractionators (the viscosity и is іп cP). (b) 
Absorbers and strippers; H = Henry's law constant in Ib mol/(cuft)(atm), P is in atm, and и is in cP. 
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EXAMPLE 13.17 


Tray Efficiency for the Separation of Acetone and Benzene 
(a) Method of McFarland et al.: The operating data are taken from 


their article, as follows: 


Acetone mole fraction, x, = 0.637, 

Benzene mole fraction, x; = 0.363, 

Temperature T (°F) = 166, 

Superficial vapor mass velocity G (Ib/hr sqft) = 3820, 
Vapor velocity u,, (ft/hr) = 24,096, 

Weir height, й„ (ft) = 0.2082, 

Fraction free area FA = 0.063. 


The pertinent physical properties of the mixture are 


ш, = 0.609 lb/ft hr, 0.252 cP, 
о, = 5.417(10°) Ib/sqft hr, 18.96 dyn/cm, 
Руз key = 2.32(107%) sqft/hr. 


The dimensionless groups appearing in the correlation are 


Np, = Orl uj uy = 37, 
№: = шр. Рук = 55, 
Ng, = h,G[u (FA) = 2.07(10'). 


The tray efficiency is found with Eq. (13.229): 


Е- 7.0(Np, 9 (Ns, Npe)? = 71%. 


(b) Method of O'Connell: The relative volatility is 3.24 м 
x=0.05 and 1.63 at x = 0.95, or a geometrical mean value of 





а = 2.30. Accordingly, 


иа = 0.252(2.3) = 0.58, 


and, from Figure 13.43 or Eq. (13.227), 


Е = 56%. 
(c) Method оѓ Bakowski, Eq. (13.230): 


К=у/х =1.20 at x = 0.637, 
М = 58, 
h' = 50 тт, 
р, = 820 kg/m?, 
Т = 348 К, 
100 


= 1 +37, 000(1. 20)(58)/50(820)(348) 7 247% 





E 


(d) Method of Chu et al., Eq. (13.231): 


0.8, above the feed, 
ENS Me below the feed, 
log Е = 1.67 — 0.25 log(0.58) + 0.3(0.05) + 0.3 log(L/V) 
= 1.744 + 0.3 log(L/V), 
Е- Ее above the feed, 
58.696, below the feed. 


(e) Experimental data: Table 13.15 shows E = 79% for acetone/ 


benzene in bubblecap tower and E = 85% for methanol/benzene 
with sieve trays. Figure 13.41 shows that efficiencies above 80% are 
readily attainable near иур = 1.0. 
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Figure 13.44. Factors in Eqs. (13.239) and (13.240) for HTUs of liquid and vapor films; and slopes m' and m" of the combining Eqs. (13.235) 
and (13.236): [Bolles and Fair, Inst. Chem. Eng. Symp. Ser. 56(2), 3.3/3.5, (1979)]. (a) Definitions of slopes т” and m" in Eqs. (13.235) and 
(13.236) for combining liquid and gas film HTUs; В = 1 for equimolal counter diffusion; В = (xg) mean for diffusion through a stagnant film. 


(b) Factor ф of the liquid phase Eq. (13.239). (c) Factor C of the liquid phase, Eq. (13.239). (d) Factor 4 of the gas phase, Eq. (13.240), for 
metal pall rings. 
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Figure 13.45. Number of stages per meter (reciprocal of HETP), pressure loss per meter and pressure loss per theoretical stage in a 
500 mm dia column filled with metal pall rings. Other charts in the original show the effects of packing height and column diameter, as well as 
similar data for Raschig rings (Billet, 1979). (a) Methanol/ethanol at 760 Torr and total reflux in a column 500mmdia. (b) 
Ethylbenzene/styrene at 100 Torr and total reflux іп a column 500 mm dia. 
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Figure 13.46. Data of HETP, HTU, and K,a for several systems and kinds of tower packings. (a) K,a for absorption of ammonia in NaOH 
with various packings (Polymer Piping and. Materials Co.). (b) HETP of several packings as functions of the gas rate (Г. Eastham, cited by 
Coulson and Richardson, 1978, Vol. 2, p. 515). (c) HETP for ethylbenzene/styrene at 100 Torr; curve 1 for 2in. metal pall rings [Billet, 
Chem. Eng. Prog. 63(9), 55 (1967)]; curve 2 for 1in. metal pall rings (Billet, loc. cit.); curve 3 for Sulzer packing (Koch Engineering Co.). 
(9) К,а for absorption of CO, in NaOH with various packings; CMR are cascade mini rings which are pall rings with heights about one-half 
the diameters (Mass Transfer International). (c) НТО for absorption of ammonia from air with water [Teller, Chem. Eng. Prog. 50, 70, 
(1954). (f) HTU for absorption of ammonia from air with water (Wen, S.M. Thesis, University of West Virginia, 1953). (g) Typical HETP for 
distillation with 2 in. metal pall (“ballast”) rings (redrawn from Bulletin 217, Glitsch Inc.). 
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Figure 13.46—(continued) 


REFERENCES 
General 


1. R. Billet, Distillation Engineering, Chemical Publishing Co., New York, 
1979. 

2. J.M. Coulson and J.F. Richardson, Chemical Engineering, Pergamon, 
New York, 1978, Vol. 2. 

3. J.R. Fair, Liquid-gas systems, in Chemical Engineers Handbook, 
McGraw-Hill, New York, 1984, Section 18. 

4. R.J. Hengstebeck, Distillation, Reinhold, New York, 1961. 

5. E.J. Henley and J.D. Seader, Equilibrium-Stage Processes in Chemical 
Engineering, Wiley, New York, 198]. 

6. A.L. Hines and В.М. Maddox, Mass Transfer Fundamentals апа 
Applications, Prentice-Hall, Englewood Cliffs, NJ, 1985. 

7. C.D. Holland, Fundamentals of Multicomponent Distillation, McGraw- 
Hill, New York, 1981. 

8. V. Kafarov, Mass Transfer, Mir Publishers, Moscow, 1985. 

9. C.J. King, Separation Processes, McGraw-Hill, New York, 1980. 





Liquid rote, lb./(hr.){sq. ft.) 


(e) 


NORMAL 
DESIGN 
RANGE 


Flood 


«—— ——. 


E 
3 
Е 
с 
Е 
> 
Ф 
ә 
© 
Е 
8 
& 


ч 

8 
ш 
oe 
tn 
- 


— 35% Flood 

- 75 

— 85% Flood 
Loading point 

— Flood point 


0.10 0.15 
Capacity factor, С = 


0.20 0.25 0.30 
ч VPP, Р) ‚ ft/sec 


0.35 


(а) 


10. C.S. Robinson and Е.В. Gilliland, Elements of Fractional Distillation, 
McGraw-Hill, New York, 1950. 

11. J.D. Seader, Distillation, in Chemical Engineers Handbook, McGraw- 
Hill, New York, 1984, Section 13. 

12. B.D. Smith, Design of Equilibrium Stage Processes, McGraw-Hill, New 
York, 1963. 

13. R.E. Treybal, Mass Transfer Operations, McGraw-Hill, New York, 1980. 

14. S.M. Welas, Phase Equilibria іп Chemical Engineering, Butterworths, 
Stoneham, MA, 1985. 


Special Topics 


1. D.B. Broughton and K.D. Uitti, Distillation estimates for naphtha cuts, 
in Encyclopedia of Chemical Processing and Design, Dekker, New York, 
1982, Vol. 16, pp. 186-198. 

2. J.S. Eckert, Design of packed columns, in Reference 8, 1979. 

3. R.W. Ellerbe, Batch distillation, in Reference 8, 1979. 

4. J. Hollo, et al., Applications of Molecular Distillation, Budapest, 1971. 


5. Р.С. Nygren, High efficiency low pressure drop packings, іп Ref. 8, 1979, 
pp. 1.241-1.253. 

6. D.F. Othmer, Azeotropic and extractive distillation, Encycl. Chem. 
Tech. 3, 352-377 (1978). 

7. G. Prokopakis, Azeotropic and extractive distillation, Encycl. Chem. 
Technol. Suppi., 145—158 (1984). 

8. P.A. Schweitzer, Editor, Handbook of Separation Techniques for 
Chemical Engineers, McGraw-Hill, New York, 1979. 

9. W.J. Stupin and F.J. Lockhart, Distillation, thermally coupled, in 
Encyclopedia of Chemical Processing and Design, Dekker, New York, 
1982, Vol. 16, pp. 279-299. 

10. T.J. Vital, S.S. Grossel, and P.I. Olsen, Estimating tray efficiency, 
Hyd. Proc., 55-56 (Oct. 1984); 147-153 (Nov. 1984); 75-78 (Dec. 
1984). 


REFERENCES 457 


Vapor-Liquid Equilibrium Data Collections 


1. АРІ Technical Data Book-Petroleum Refining, American Petroleum 
Institute, Washington, D.C., 1983-date, Chaps. 8 and 9. 

2.7. Gmehling, U. Onken et al, Vapor-Liquid Equilibrium Data 
Collection, DECHEMA, Frankfurt/Main, Germany, 1979-date. 

3. M. Hirata, et al., Computer Aided Data Book of Vapor Liquid 
Equilibria, Elsevier, New York, 1976. 

4. V.B. Kogan, et al., Equilibria between Vapor and Liquid (in Russian), 
Izdatelstvo Nauka, Moscow, 1966. 

5. Landolt-Boernstein Zahlenwerte und Funktionen, П2а, 1960; IV4b, 
1972. New Series Group IV, Vol. 3, 1975, Springer, Berlin. 

6. NGPSA Engineering Data Book, Natural Gas Processors Suppliers 
Associations, Tulsa, OK, 1972, Chap. 18, and later editions. 


аг. 


EXTRACTION AND LEACHING 


xtraction is a process whereby a mixture of several 

substances in the liquid phase is at least partially 

separated upon addition of a liquid solvent in which 

the original substances have different solubilities. 
When some of the original substances are solids, the process 
is called leaching. In a sense, the role of solvent in extraction 
is analogous to the role of enthalpy in distillation. The 
solvent-rich phase is called the extract, and the solvent-poor 
phase is called the raffinate. A high degree of separation may 
be achieved with several extraction stages in series, 
particularly in countercurrent flow. 

Processes of separation by extraction, distillation, 
crystallization, or adsorption sometimes are equally possible. 
Differences in solubility, and hence of separability by 
extraction, are associated with differences in chemical 
structure, whereas differences in vapor pressure are the basis 
of separation by distillation. Extraction often is effective at 
near-ambient temperatures, a valuable feature in the 
separation of thermally unstable natural mixtures or 
pharmaceutical substances such as penicillin. 

The simplest separation by extraction involves two 
substances and a solvent. Equilibria in such cases are 
represented conveniently on triangular diagrams, either 
equilateral or right-angled, as for example on Figures 14.1 and 
14.2. Equivalent representations on rectangular coordinates 
also are shown. Equilibria between any number of substances 
are representable in terms of activity coefficient correlations 
such as the UNIQUAC or NATL. in theory, these correlations 
involve only parameters that are derivable from 
measurements on binary mixtures, but in practice the 
resulting accuracy may be poor and some multicomponent 
equilibrium measurements also should be used to find the 
parameters. Finding the parameters of these equations is a 
complex enough operation to require the use of a computer. 
An extensive compilation of equilibrium diagrams and 
UNIQUAC and NATL parameters is that of Sorensen and Arlt 
(1979—1980). Extensive bibliographies have been compiled by 
Wisniak and Tamir (1980—1981). 

The highest degree of separation with a minimum of 


14.1. EQUILIBRIUM RELATIONS 


On a ternary equilibrium diagram like that of Figure 14.1, the limits 
of mutual solubilities are marked by the binodal curve and the 
compositions of phases in equilibrium by tielines. The region within 
the dome is two-phase and that outside is one-phase. The most 
common systems are those with one pair (Type I, Fig. 14.1) and two 
pairs (Type II, Fig. 14.4) of partially miscible substances. For 
instance, of the approximately 1000 sets of data collected and 
analyzed by Sorensen and Arlt (1979), 75% are Type I and 20% are 
Type П. The remaining small percentage of systems exhibit a 
considerable variety of behaviors, a few of which appear in Figure 
14.4. As some of these examples show, the effect of temperature on 
phase behavior of liquids often is very pronounced. 

Both equilateral and right triangular diagrams have the 
property that the compositions of mixtures of all proportions of two 
mixtures appear on the straight line connecting the original 
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solvent is attained with a series of countercurrent stages. 
Such an assembly of mixing and separating equipment is 
represented in Figure 14.3(a), and more schematically т 
Figure 14.3(b). In the laboratory, the performance of a 
continuous countercurrent extractor can be simulated with a 
series of batch operations in separatory funnels, as in Figure 
14.3(с). As the number of operations increases horizontally, 
the terminal concentrations E, and R; approach asymptotically 
those obtained in continuous equipment. Various kinds of 
more sophisticated continuous equipment also are widely 
used in laboratories; some are described by Lo et al. (1983, 
pp. 497—506). Laboratory work is of particular importance for 
complex mixtures whose equilibrium relations are not known 
and for which stage requirements cannot be calculated. 

In mixer-separators the contact times can be made long 
enough for any desired approach to equilibrium, but 80—9096 
efficiencies are economically justifiable. If five stages are 
required to duplicate the performance of four equilibrium 
stages, the stage efficiency is 80%. Since mixer-separator 
assemblies take much floor space, they usually are employed 
in batteries of at most four or five units. A large variety of 
more compact equipment is being used. The simplest in 
concept are various kinds of tower arrangements. The 
relations between their dimensions, the operating conditions, 
and the equivalent number of stages are the key information. 

Calculations of the relations between the input and 
output amounts and compositions and the number of 
extraction stages are based on material balances and 
equilibrium relations. Knowledge of efficiencies and capacities 
of the equipment then is applied to find its actual size and 
configuration. Since extraction processes usually are 
performed under adiabatic and isothermal conditions, in this 
respect the design problem is simpler than for thermal 
separations where enthalpy balances also are involved. On 
the other hand, the design is complicated by the fact that 
extraction is feasible only of nonideal liquid mixtures. 
Consequently, the activity coefficient behaviors of two liquid 
phases must be taken into account or direct equilibrium data 
must be available. 


mixtures. Moreover, the relative amounts of the original mixtures 
corresponding to an overall composition may be found from ratios 
of line segments. Thus, on the figure of Example 14.2, the amounts 
of extract and raffinate corresponding to an overall composition M 
are in the ratio E,/Ry = MRy/E,M. 

Experimental data on only 26 quaternary systems were found 
by Sorensen and Arlt (1979), and none of more complex systems, 
although a few scattered measurements do appear in the literature. 
Graphical representation of quaternary systems is possible but 
awkward, so that their behavior usually is analyzed with equations. 
To a limited degree of accuracy, the phase behavior of complex 
mixtures can be predicted from measurements on binary mixtures, 
and considerably better when some ternary measurements also are 
available. The data are correlated as activity coefficients by means 
of the UNIQUAC or NRTL equations. The basic principle of 
application is that at equilibrium the activity of each component is 
the same in both phases. In terms of activity coefficients this 
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Figure 14.1. Equilibria in a ternary system, type 1, with one pair of partially miscible liquids; 
А = 1-hexene, В = tetramethylene sulfone, C = benzene, at 50°С (А.М. De Fre, thesis, Gent, 1976). 
(a) Equilateral triangular plot; point P is at 20% A, 10% B, and 70% C. (b) Right triangular plot with 
tielines and tieline locus, the amount of A can be read off along the perpendicular to the hypotenuse or 
by difference. (c) Rectangular coordinate plot with tieline correlation below, also called Janecke and 


solvent-free coordinates. 


condition is for component 1, 


ух; = уўх?, (14.1) 
where * designates the second phase. This may be rearranged into а 
relation of distributions of compositions between the phases, 

xf = (vil ytyx = Кух, (14.2) 
where K; is the distribution coefficient. The activity coefficients are 
functions of the composition of the mixture and the temperature. 
Applications to the calculation of stage requirements for extraction 
are described later. 

Extraction behavior of highly complex mixtures usually can be 
known only from experiment. The simplest equipment for that 
purpose is the separatory funnel, but complex operations can be 
simulated with proper procedures, for instance, as in Figure 14.3(c). 
Elaborate automatic laboratory equipment is in use. One of them 
employs a 10,000—25,000rpm mixer with a residence time of 
0.3-5.0sec, followed by a highly efficient centrifuge and two 
chromatographs for analysis of the two phases (Lo et al., 1983, pp. 
507). 


Compositions of petroleum mixtures sometimes are repre- 
sented adequately in terms of some physical property. Three 
examples appear in Figure 14.5. Straight line combining of mixtures 
still is valid on such diagrams. 

Basically, compositions of phases in equilibrium are indicated 
with tielines. For convenience of interpolation and to reduce the 
clutter, however, various kinds of tieline loci may be constructed, 
usually as loci of intersections of projections from the two ends of 
the tielines. In Figure 14.1 the projections are parallel to the base 
and to the hypotenuse, whereas in Figures 14.2 and 14.6 they are 
horizontal and vertical. 

Several tieline correlations in equation form have been 
proposed, of which three may be presented. They are expressed in 
weight fractions identified with these subscripts: 


CA. solute C in diluent phase A 
CS solute C in solvent phase S 
SS soivent S in solvent phase $ 
AA diluent A in diluent phase A 
AS diluent A in solvent phase S 
SA solvent $ in diluent phase А. 
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Figure 14.2. Equilibria in a ternary system, type II, with two pairs of partially miscible liquids; A = hexane, В = aniline, 
C = methylcyclopentane, at 34.5°С [Darwent and Winkler, J. Phys. Chem. 47, 442 (1943)]. (а) Equilateral triangular plot. 
(b) Right triangular plot with tielines and tieline locus. (c) Rectangular coordinate plot with tieline correlation below, also called 


Janecke and solvent-free coordinates. 
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extract 


Final 
raffinate 





Feed Solvent 
(a) 
S5 Fresh solvent Re Raffinote 
F = feed to Бе extracted | €» Extract 
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Figure 14.3. Representation of countercurrent extraction batteries. (a) A battery of mixers and settlers (or separators). 
(b) Schematic of a three-stage countercurrent battery. (c) Simulation of the performance of a three-stage continuous 
countercurrent extraction battery with a series of batch extractions in separatory funnels which are designated by circles 
on the sketch. The numbers in the circles are those of the stages. Constant amounts of feed Е and solvent 5 are mixed at 
the indicated points. As the number of operations is increased horizontally, the terminal compositions E, and А; 
approach asymptotically the values obtained in continuous countercurrent extraction (Treybal, 1963, p. 360). 


СН: 





СЕМ с;нҙмо; C)2F27N C2HsNOz 


(а) (b) 


Figure 14.4. Less common examples of ternary equilibria and some temperature effects. (a) The system 2,2,4-tri- 
methylpentane + nitroethane + perfluorobutylamine at 25°С; the Roman numerals designate the number of phases in 
that region [Vreeland and Dunlap, J. Phys. Chem. 61, 329 (1957)]. (b) Same as (a) but at 51.3°С. (c) Gly- 
col + dodecanol- nitroethane at 24°C; 12 different regions exist at 14°C [Francis, J. Phys. Chem. 60, 20 (1956)]. 
(d) Docosane + furfural + diphenylhexane at several temperatures [Varteressian and Fenske, Ind. Eng. Chem. 29, 270 
(1937)]. (e) Formic acid + benzene + tribromomethane at 70°С; the pair formic acid/benzene is partially miscible with 15 and 
90% of the former at equilibrium at 25°С, 43 and 80% at 70°С, but completely miscible at some higher temperature. 
(f£) Methylcyclohexane + water + -picoline at 20°С, exhibiting positive and negative tieline slopes; the horizontal tieline is 
called solutropic (Landolt-Bórnstein II2b). 
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Figure 14.4—(continued) 


Ishida, Bull. Chem. Soc. Jpn. 33, 693 (1960): 


XcsXsAÍ/ XcAXss = K(XAsXsal ХААХ)". (14.3) 
Othmer and Tobias, Ind. Eng. Chem. 34, 693 (1942): 

(1- Xss)/Xss = КА — Хдд)/ ХААР. (14.4) 
Hand, J. Phys. Chem. 34, 1961 (1930): 

Xcs/ Xss = K(XcA/ ХАА)". (14.5) 


These equations should plot linearly on log-log coordinates; they 
are tested in Example 14.1. 

А system of plotting both binodal and tieline data in terms of 
certain ratios of concentrations was devised by Janecke and is 
illustrated in Figure 14.1(c). It is analogous to the enthalpy- 
concentration or Merkel diagram that is useful in solving distillation 
problems. Straight line combining of mixture compositions is valid 
in this mode. Calculations for the transformation of data are made 
most conveniently from tabulated tieline data. Those for Figure 
14.1 are made in Example 14.2. The х-у construction shown in 
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Figure 14.2 is the basis for a McCabe-Thiele construction for 
finding the number of extraction stages, as applied in Figure 14.7. 


14.2. CALCULATION OF STAGE REQUIREMENTS 


Although the most useful extraction process is with countercurrent 
flow in a multistage battery, other modes have some application. 
Calculations may be performed analytically or graphically. On 
flowsketches like those of Example 14.1 and elsewhere, a single box 
represents an extraction stage that may be made up of an individual 
mixer and separator. The performance of differential contactors 
such as packed or spray towers is commonly described as the height 
equivalent to a theoretical stage (HETS) in ft or m. 


SINGLE STAGE EXTRACTION 


The material balance is 


feed + solvent = extract + raffinate, 


14.6 
F+S=E+R. чо) 


This nomenclature is shown with Example 14.3. On the triangular 
diagram, the proportions of feed and solvent locate the mix point 
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OISTILLATE NITROBENZENE 
(а) KEROSENE 95% ETHYL ALCOHOL 
(b) 
PROPANE 
0.90 1.00 1.10 
он. Specific gravity at 70Ғ ASPHALT 


Figure 14.5. Representation of solvent extraction behavior in terms of certain properties rather than direct compositions [Dunstan et al., Sci. 
Pet., 1825-1855 (1938)]. (a) Behavior of а naphthenic distillate of УСС = 0.874 with nitrobenzene at 10°С. The viscosity-gravity constant is 
low for paraffins and high for naphthenes. (b) Behavior of a kerosene with 95% ethanol at 17°C. The aniline point is low for aromatics and 
naphthenes and high for paraffins. (c) Behavior of a dewaxed crude oil with liquid propane at 70°F, with composition expressed in terms of 


specific gravity. 


М. The extract Е and raffinate К are located on opposite ends of 
the tieline that goes through M. 


CROSSCURRENT EXTRACTION 


In this process the feed and subsequently the raffinate are treated in 
successive stages with fresh solvent. The sketch is with Example 
14.3. With a fixed overall amount of solvent the most efficient 
process is with equal solvent flow to each stage. The solution of 
Example 14.3 shows that crosscurrent two stage operation is 
superior to one stage with the same total amount of solvent. 


IMMISCIBLE SOLVENTS 


The distribution of a solute between two mutually immiscible 
solvents can be represented by the simple equation, 


Y=K'X, (14.7) 
where 


X = mass of solute/mass of diluent, 
Y= mass of solute/mass of solvent. 
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in extract 


459 line 


А RN B хе in raffinate 


Figure 14.6. Construction of points on the distribution and operating curves: Line ab is a tieline. The dashed line is the tieline locus. Point e is 
on the equilibrium distribution curve, obtained as the intersection of paths be and ade. Line Pfg is a random line from the difference point P 
and intersecting the binodal curve in f апа g. Point j is on the operating curve, obtained as the intersection of paths gj and fhj. 


When K' is not truly constant, some kind of mean value may be EY; RX, 4,7 EY, + RX,. (14.8) 
applicable, for instance, a geometric mean, or the performance of 
the extraction battery may be calculated stage by stage with a 
different value of K' for each. The material balance around the first 
stage where the raffinate leaves and the feed enters and an 


In terms of the extraction ratio, 











intermediate stage (с (as in Fig. 14.8, for instance) is A=K(E/R), (14.9) 
EXAMPLE 14.1 The last correlation is inferior for this particular example as the 
The Equations for Tieline Data plots show. 

The tieline data of the system of Example 14.1 are plotted 

according to the groups of variables in the equations of Ishida, x X х, х х х 

Hand, and Othmer and Tobias with these results: = = 55 Pu is © 

98.945 0.0 1.055 5.615 0.0 94.385 

да = 0.67 1 92.197 6.471 1.332 5.811 3.875 90.313 
Ishida: gere 100% Me [Eq. (14.3)}, 83.572 14612 1.816 6354 9758 83889 
Hand: у= 0.078"  [Eq. (14.5)], 75.356 22.277 2.367 7.131 15.365 77.504 
Othmer and Tobias: у —0.88x??* (Ба. (14.4)]. 68.283 28.376 3.341 8.376 20.686 70.939 


60.771 34.345 4.884 9.545 26.248 64.207 
54.034 39.239 6.727 11.375 31.230 57.394 













47.748 42.849 9.403 13.505 35.020 51475 
39.225 45594 15.181 18.134 39.073 42793 
иә 
d 10* x, sx; KesX 1 1 
Er А: A SA ont = 
о НАМО Я ЖЫ дарақ АА 1 Xss 1  Xca/Xaa Хсв/Хав 
© и А 6.34 0 0.0107 0.0595 0 0 
= * 9.30 0.0088 0.0846 0.1073 0.070 0.043 
- ishini ы 16.46 0.0129 0.1966 0.1928 0.178 0.116 
> 7 28.90 0.0211 0.3270 0.2903 0.296 0.198 
gf Е 58.22 0.0343 0.46455 0.4097 0.416 0.292 
= à 119.47 0.0581 0.6455 0.5575 0.565 0.409 
ОТНМЕК & 339.77 0.0933 0.8507 0.7423 0.726 0.544 
TOBIAS 516.67 0.1493 1.0943 0.9427 0.897 0.680 
» 2d 1640 0.3040 1.5494 1.3368 1.162 0.913 





LOG X, VARIOUS SCALES 
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EXAMPLE 14.2 


Tabulated Tieline and Distribution Data for the System 


Calculated ratios for the Jánecke coordinate plot of Figure 14.1: 





А = 1-Нехепе, В = Tetramethylene Sulfone, С = Benzene, Left Phase Right Phase 
Represented in Figure 14.1 
Experimental tieline data in mol 26: B с B C 
A+C A+C А+С А+С 
. 0.0108 0 16.809 0 
Left Phase Right Phase 0.0135 0.0656 9.932 0.4000 
Е = 0.0185 0.1488 5.190 0.6041 
А с в А с в 0.0248 0.2329 3.445 0.6830 
98.945 0.0 1.055 5.615 0.0 94.385 0.0346 0.2936 2441 0.7118 
92.197 6.471 1.332 5.811 3.875 90.313 0.0513 0.3625 1.794 0.7333 
83.572 14.612 1.816 6.354 9.758 83.888 0.0721 0.4207 1.347 0.7330 
75.356 22.277 2.367 7.131 15.3365 77.504 0.1038 0.4730 1.061 0.7217 
68.283 28.376 3,341 8.376 20686 70.938 0.1790 0.5375 0.748 0.6830 
60.771 34.345 4.884 9.545 26.248 64207 | : 
54.034 39.239 6.727 11.375 31.230 57.394 Тһе х-у plot like that of Figure 14.6 may be made with the tieline 
47.748 42.849 9.403 13.505 35020 51475 data of columns 5 and 2 expressed as fractions or by projection from 
39.225 45.594 15181 18134 39.073 42.793 the triangular diagram as shown. 
the material balance becomes solution for the number of stages is 
(A/K)Yp + X, 42 AX, + X,. (14.10) 1+ Ка - Ф)/@- д)] 


When these balances are made stage-by-stage and intermediate 
compositions are eliminated, assuming constant A throughout, the 
result relates the terminal compositions and the number of stages. 
The expression for the fraction extracted is 


Хь-Х„ БАРЗА 
ф= = = ntl 7: 
Х УЖ А 1 





(14.11) 


This is of the same form as the Kremser-Brown equation for gas 
absorption and stripping and the Turner equation for leaching. The 





Em (14.12) 


When А is the only unknown, it may be found by trial solution of 
these equations, or the Kremser-Brown stripping chart may be 
used. Example 14.4 applies these results. 


14.3. COUNTERCURRENT OPERATION 


In countercurrent operation of several stages in series, feed enters 
the first stage and final extract leaves it, and fresh solvent enters the 
last stage and final raffinate leaves it. Several representations of 





Equilibrium 
Line 


x 
о 
m 


xc in extract 


XCRN XCF 
xc in raffinate 


Figure 14.7. Locations of operating points P and Q for feasible, total, and minimum extract reflux on triangular diagrams, and stage 
requirements determined on rectangular distribution diagrams. (a) Stages required with feasible extract reflux. (b) Operation at total reflux 
and minimum number of stages. (c) Operation at minimum reflux and infinite stages. 


э P,S,Sp,M 





Figure 14.7—(continued) 


such processes are in Figure 14.3. A flowsketch of the process 
together with nomenclature is shown with Example 14.5. The 
overall material balance is 


F+S=E£,+Ry=M (14.13) 


or 


Е-Е -К,-%8-Р. (14.14) 
The intersection of extended lines FE, and RyS locates the 
operating point P. The material balance from stage 1 through k is 


Е+Е, =E +В, (14.15) 


or 


Е-Е, = К, – Equi =P. (14.16) 
Accordingly, the raffinate from a particular stage and the extract 
from a succeeding one are on a line through the operating point P. 
Raffinate R, and extract E, streams from the same stage are located 
at opposite ends of the same tieline. 


(b) 
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Xe in extract 
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The operation of finding the number of stages consists of a 
number of steps: 
1. Either the solvent feed ratio or the compositions E, and Ry 
serve to locate the mix point M. 
The operating point P is located as the intersection of lines FE, 
апа Rys. 
. When starting with Е), the raffinate К, is located at the other 

end of the tieline. 

. The line PR, is drawn to intersect the binodal curve in E,. 


2. 


The process is continued with the succeeding values К„, Ёз, 
Rz, E4,... until the final raffinate composition is reached. 

When number of stages and only one of the terminal 
compositions are fixed, the other terminal composition is selected 
by trial until the stepwise calculation finds the prescribed number of 
stages. Example 14.6 applies this kind of calculation to find the 
stage requirements for systems with Types 1 and H equilibria. 

Evaluation of the numbers of stages also can be made on 
rectangular distribution diagrams, with a McCabe- Thiele kind of 
construction. Example 14.5 does this. The Janecke coordinate plots 
like those of Figures 14.1 and 14.2 also are convenient when many 
stages are needed, since then the triangular construction may 
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EXAMPLE 14.3 
Single Stage and Cross Current Extraction of Acetic Acid from 
Methylisobutyl Ketone with Water 

The original mixture contains 35% acetic acid and 65% MIBK. It is 


charged at 100 kg/hr and extracted with water. 


а. In a single stage extractor water is mixed in at 100 kg/hr. On the 
triangular diagram, mix point M is midway between Ғ and 5. 
Extract and raffinate compositions are on the tieline through M. 
Results read off the diagram and calculated with material 


Acetic acid 


Mass fraction acetic acid 





0 0.5 1.0 


Ketone Mass fraction water Water 


(Acetic acid) 


Mass fraction acetic acid 


Mass fraction water 


Ketone 





balance are 


E R 
Acetic acid 0.185 0.16 
MIBK 0.035 0.751 
Water 0.78 0.089 
kg/hr 120 80 


b. The flowsketch of the crosscurrent process is shown. Feed to the 


first stage and water to both stages are at 100 kg/hr. The extract 
and raffinate compositions are on the tielines passing through 
mix points M, and M,. Point M is for one stage with the same 
total amount of solvent. Two stage results are: 


Е, R, Е, R, 
Acetic acid 0.185 0.160 0.077 0.058 
MIBK 0.035 0.751 0.018 0.902 
Water 0.780 0.089 0.905 0.040 
kg/hr 120 80 113.4 66.6 
F, х; R, x 
Е, y S, Ys 
F R, R, 
E, 5, Е, 5, 





become crowded and difficult to execute accurately unless а very 
large scale is adopted. The Janecke method was developed by 
Maloney and Schubert [Trans. AIChE 36, 741 (1940)]. Several 
detailed examples of this kind of calculation are worked by Treybal 
(1963), Oliver (Diffusional Separation Processes, Wiley, New York, 
1966), and Laddha and Degaleesan (1978). 


MINIMUM SOLVENT/FEED RATIO 


Both maximum and minimum limits exist of the solvent/feed ratio. 
The maximum is the value that locates the mix point M on the 
binodal curve near the solvent vertex, such as point M,,,, on Figure 
14.7(b). When an operating line coincides with a tieline, the 
number of stages will be infinite and will correspond to the 
minimum solvent/feed ratio. The pinch point is determined by the 
intersection of some tieline with line RS. Depending on whether 
the slopes of the tielines are negative or positive, the intersection 
that is closest or farthest from the solvent vertex locates the 
operating point for minimum solvent. Figure 14.9 shows the two 


cases. Frequently, the tieline through the feed point determines the 
minimum solvent quantity, but not for the two cases shown. 


EXTRACT REFLUX 


Normally, the concentration of solute in the final extract is limited 
to the value in equilibrium with the feed, but a countercurrent 
stream that is richer than the feed is available for enrichment of the 
extract. This is essentially solvent-free extract as reflux. А 
flowsketch and nomenclature of such a process are given with 
Example 14.7. Now there are two operating points, one for above 
the feed and one for below. These points are located by the 
following procedure: 


1. The mix point is located by establishing the solvent/feed ratio. 

2. Point О is at the intersection of lines К» М and E,S,, where Sg 
refers to the solvent that is removed from the final extract, and 
may or may not be of the same composition as the fresh solvent 
S. Depending on the shape of the curve, point Q may be inside 


ЕХТВАСТ 
Еру, 








RAFFINATE 


Figure 14.8. Model for liquid—liquid extraction. Subscript i refers to 
a component: і = 1, 2,..., с. In the commonest case, F is the only 
feed stream and Е, is the solvent, or F, may be a reflux stream. 
Withdrawal streams U, сап be provided at any stage; they are not 
incorporated in the material balances written here. 





EXAMPLE 14.4 

Extraction with an Immiscible Solvent 
А feed containing 30wt% of propionic acid and 70 wt % 
trichlorethylene is to be extracted with water. Equilibrium 
distribution of the acid between water (Y) and TCE (X) is 
represented by Y = K'X, with K' = 0.38. Section 14.3 is used. 


а. The ratio E/R of water to TCE needed to recover 95% of the 
acid in four countercurrent stages will be found: 


Xy = 30/70, 
Х,-1.5/70, 
Ү;=0, 


ф = (30 — 1.5)/(30 – 0) = 0.95 = (4? – A/(4? — 1). 
By trial, 


А = 1,734, 
E/R = A/K' = 1.734/0.38 = 4.563. 


b. The number of stages needed to recover 95% of the acid with 
E/R = 3.5 is found with Eq. 14.12. 


A = K'E/R = 0.38(3.5) = 1.330, $ = 0.95, 
"--аша-жуа-дІ || 
ln A 


+ In[(1.330 — 0.95)/(1 — 0.95)]/In(1.330) = 6.11 
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the binodal curve as in Example 14.7, or outside as in Figure 
14.7. 

3. Point P is at the intersection of lines КМ апа Е,8;, where 5; 
refers to the solvent removed from the extract and may or may 
not be the same composition as the fresh solvent S. 


Determination of the stages uses Q as the operating point until 
the raffinate composition R, falls below line FQ. Then the 
operation is continued with operating point P until К» is reached. 


MINIMUM REFLUX 


For a given extract composition E}, a pinch point develops when an 
operating line through either P or Q coincides with a tieline. 
Frequently, the tieline that passes through the feed point F 
determines the reflux ratio, but not on Figure 14.7(c). The tieline 
that intersects line FS, nearest point 5, locates the operating point 
Qn for minimum reflux. In Figure 14.7(c), intersection with tieline 
Fede is further away from point 5; than that with tieline abQ,,, 
which is the one that locates the operating point for minimum reflux 
in this case. 


MINIMUM STAGES 


As the solvent/feed ratio is increased, the mix point M approaches 
the solvent point 8, and poles P and Q likewise do so. At total 
reflux all of the points Р, О, S, Sg, and M coincide; this is shown in 
Figure 14.7(b). 

Examples of triangular and McCabe- Thiele constructions for 
feasible, total, and minimum reflux are shown in Figure 14.7. 





E, Y, 


E 


т+2, Ул+2 





En Y 
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А, X, S, Ys 
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EXAMPLE 14.5 

Countercurrent Extraction Represented on Triangular and 

Rectangular Distribution Diagrams 
The specified feed F and the desired extract E, and raffinate Ry 
compositions are shown. The solvent/feed ratio is in the ratio of фе 
line segments MS/MF, where the location of point M is shown as 
the intersection of lines E, Ry and FS. 

Phase equilibrium is represented by the tieline locus. The 
equilibrium distribution curve is constructed as the locus of 
intersections of horizontal lines drawn from the right-hand end of a 


tieline with horizontals from the left-hand end of the ticlines and 
reflected from the 45° line. 

The operating curve is drawn similarly with horizontal 
projections from pairs of random points of intersection of the 
binodal curve by lines drawn through the difference point P. 
Construction of these curves also is explained with Figure 14.6. 

The rectangular construction shows that slightly less than eight 
stages are needed and the triangular that slightly more than eight 
are needed. A larger scale and greater care in construction could 
bring these results closer together. 


FEX 


E. у; 


R X 


k-1* ^k-1 Ee Ук 
C 
E e Ука 








Ем. Ум 


Ya in extract 











S X,, in raffinate 





Naturally, the latter constructions are analogous to those for 
distillation since their forms of equilibrium and material balances 
are the same. References to the literature where similar calculations 
are performed with Janecke coordinates were given earlier in this 
section. 

Use of reflux is most effective with Type II systems since then 
essentially pure products on a solvent-free basis can be made. In 
contrast to distillation, however, extraction with reflux rarely is 
beneficial, and few if any practical examples are known. A related 
kind of process employs a second solvent to wash the extract 
countercurrently. The requirements for this solvent are that it be 
only slighly soluble in the extract and easily removable from the 
extract and raffinate. The sulfolane process is of this type; it is 
described, for example, by Treybal (1980) and in more detail by Lo 
et al. (1983, pp. 541-545). 


14.4. LEACHING OF SOLIDS 


Leaching is the removal of solutes from admixture with a solid by 
contracting it with a solvent. The solution phase sometimes is called 
the overflow, but here it will be called extract. The term underflow 
or raffinate is applied to the solid phase plus its entrained or 
occluded solution. 

Equilibrium relations in leaching usually are simpler than in 
liquid-liquid equilibria, or perhaps only appear so because few 
measurements have been published. The solution phase normally 
contains no entrained solids so its composition appears on the 
hypotenuse of a triangular diagram like that of Example 14.8. Data 
for the raffinate phase may be measured as the holdup of solution 
by the solid, K Ib solution/Ib dry (oil-free) solid, as a function of the 
concentration of the solution, y Ib oil/Ib solution. The correspond- 
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EXAMPLE 14.6 

Stage Requirements for the Separation of a Type I and a Type 

II System 

a. The system with A = heptane, В = tetramethylene sulfone, and 

C=toluene at 50°C [Triparthi, Ram, and Bhimeshwara, J. 
Chem. Eng. Data 20, 261 (1975)]: The feed contains 40% C, the 
extract 70% C on a TMS-free basis or 60% overall, and raffinate 
595 C. The construction shows that slightly more than two 
equilibrium stages are needed for this separation. Тһе 
compositions of the streams are read off the diagram: 


Feed Extract Raffinate 
Heptane 60 27 2 
TMS 0 13 93 
Toluene 40 60 5 






Tieline 
Locus 








The material balance on heptane is 
40 = 0.6E + 0.05(100 — E), 
whence E = 63.6 1b/100 Ib feed, and the TMS/feed ratio is 


0.13(63.6) + 0.93(36.4) = 42 15/1006 feed. 


b. The type П system with А —octane, B=nitroethane, апа 
С = 22,4-trimethylpentane at 25°С [Hwa, Techo, and Ziegler, J. 
Chem. Eng. Data 8, 409 (1963)]: The feed contains 40% ТМР, 
the extract 6096 TMP, and the raffinate 576 TMP. Again, slightly 
more than two stages are adequate. 





Tieline 
Locus 











Ry A ж 5 
А e: p 
К 0 20 40 60 80 100 А 0 20 40 60 80 100 
А Mol 96 В B d Mol % В B 
ing weight fraction of oil in the raffinate or underflow is with the corresponding solution composition y, at the value of x 
given by Eq. (14.17). Such a raffinate line is constructed in Example 
х= КУК +1). (14.17) 148. 


Since the raffinate is а mixture of the solution and dry solid, the 
equilibrium value in the raffinate is on the line connecting the origin 





Material balance in countercurrent leaching still is represented 
by Eqs. (14.14) and (14.16). Compositions К, and E,,, are on a 
line through the operating point P, which is at the intersection of 





(b) 


Figure 14.9. Minimum solvent amount and maximum extract concentration. Determined by location of the intersection of extended tielines 
with extended line В „5. (a) When the tielines slope down to the left, the furthest intersection is the correct one. (b) When the tielines slope 
down to the right, the nearest intersection is the correct one. At maximum solvent amount, the mix point M,, is on the binodal curve. 
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EXAMPLE 14.7 

Countercurrent Extraction Employing Extract Reflux 
The feed Е, extract E,, and raffinate Ry are located on the 
triangular diagram. The ratio of solvent/feed is specified by the 
location of the point M on line SF. 

Other nomenclature is identified on the flowsketch. The 
solvent-free reflux point Ко is located on the extension of line SE,. 
Operating point О is located at the intersection of lines SRo and 
R,M. Lines through О intersect the binodal curve in compositions 
of raffinate and reflux related by material balance: for instance, R,, 
and E,,,. When the line ОҒ is crossed, further constructions are 





made with operating point P, which is the intersection of lines FQ 
and SRy. 

Іп this example, only one stage is needed above the feed F and 
five to six stages below the feed. The ratio of solvent to feed is 


S/F = ЕМ /М$ = 0.196, 
and the external reflux ratio is 


r= Е: к/Е1р= (Ко5/КоЕ1)(ОЕ1/5О) = 1.32. 


Solvent 
Removal 


Se 
Solvent 
E, 
Product 





В, Е, 
Е 
feed 
R, E. 
Ry. Е, 
2. Ry S Solvent 


Flowsketch and triangular diagram construction with extract reflux. 








EXAMPLE 14.8 

Leaching of an Oil-Bearing Solid in a Countercurrent Battery 
Oil is to be leached from granulated halibut livers with pure ether as 
solvent. Content of oil in the feed is 0.321ЬЛЬ dry (oil-free) solids 
and 95% is to be recovered. The economic upper limit to extract 
concentration is 70% oil. Ravenscroft [Ind. Eng. Chem. 28, 851 
(1934)] measured the relation between the concentration of oil in 
the solution, y, and the entrainment or occlusion of solution by the 
solid phase, K Ib solution/Ib dry solid, which is represented by the 
equation 


К = 0.19 + 0.126y + 0.810y?. 
The oil content in the entrained solution then is given by 


x-K/(K-1), wt fraction, 


and some calculated values are 


y 0 0.1 :0.2 0.3 0.4 0.5 0.6 0.7 0.8 
х 0 0.0174 0.0397 0.0694 0.1080 0.1565 0.2147 0.2821 0.3578 


Points оп the raffinate line of the triangular diagram are located оп 
lines connecting values of y on the hypotenuse (solids-free) with the 
origin, at the values of x and corresponding y from the preceding 
tabulation. 


Feed composition is xp = 0.32/1.32 = 0.2424. 
Oil content of extract is y, — 0.7. 
Ой content of solvent is уу = 0. 


Amount of oil in the raffinate is 0.32(0.05) = 0.016 Ib/Ib dry, 
and the corresponding entrainment ratio is 


Ky = 0.016/yy = 0.19 + 0.126yy + 0.8152. 
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EXAMPLE 14.8—(continued) 


Solving by trial, 
ук = 0.0781, 
Ky = 0.2049, 


хм = 0.0133 (final raffinate composition). 


The operating point P is at the intersection of lines FE, and SRy. 
The triangular diagram construction shows that six stages are 
needed. 

The equilibrium line of the rectangular diagram is constructed 
with the preceding tabulation. Points on the material balance line 







WT FRACTION OF OIL 


lines FE, and SRy. Similarly, equilibrium compositions R, and Ех 
are on a line through the origin. Example 14.8 evaluates stage 
requirements with both triangular diagram and McCabe-Thiele 
constructions. The mode of construction of the McCabe- Thiele 
diagram is described there. 

These calculations are of equilibrium stages. The assumption is 
made that the oil retained by the solids appears only as entrained 
solution of the same composition as the bulk of the liquid phase. In 
some cases the solute may be adsorbed or retained within the 
interstices of the solid as solution of different concentrations. Such 
deviations from the kind of equilibrium assumed will result in stage 
efficiencies less than 100% and must be found experimentally. 


are located as intersections of random lines through P with these 
results: 


y 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
x 0.013 0.043 0.079 0.120 0.171 0229 0.295 0368 


The McCabe-Thiele construction also shows that six stages are 
needed. 

Point P is at the intersection of lines E,F and SRy. Equilibrium 
compositions are related on lines through the origin, point A. 
Material balance compositions are related on lines through the 
operating point P. 


0.8 


EQUILIBRIUM 


MATERIAL 
BALANCE 


y (extract phase) 





0 x (raffinate) 0.4 





14.5. NUMERICAL CALCULATION ОҒ 
MULTICOMPONENT EXTRACTION 


Extraction calculations involving more than three components 
cannot be done graphically but must be done by numerical solution 
of equations representing the phase equilibria and material balances 
over all the stages. Since extraction processes usually are adiabatic 
and nearly isothermal, enthalpy balances need not be made. The 
solution of the resulting set of equations and of the prior 
determination of the parameters of activity coefficient correlations 
requires computer implementation. Once such programs have been 
developed, they also may be advantageous for ternary extractions, 
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particularly when the number of stages is large or several cases must 
be worked out. Ternary graphical calculations also could be done 
on a computer screen with a little effort and some available 
software. 

The notation to be used in making material balances is shown 
on Figure 14.8. For generality, a feed stream F, is shown at every 
stage, and a withdrawal stream U, also could be shown but is not 
incorporated in the balances written here. The first of the double 
subscripts identifies Ше component і and the second the stage 
number А; a single subscript refers to a stage. 

For each component, the condition of equilibrium is that its 
activity is the same in every phase in contact. In terms of activity 
coefficients and concentrations, this condition on stage k is written: 


Vidic = Yi (14.18) 
or 

Ук = Ка Ха) (14.19) 
where 

Ки = Viel Vik (14.20) 


is the distribution ratio. The activity coefficients are functions of the 
temperature and the composition of their respective phases: 


› У, к), 
E Хек). 


Y =f (Tes yw Уж»... 
үй- fü Хук, Ход -+> 


(14.21) 
(14.22) 


The most useful relations of this type are the NRTL and 
UNIQUAC which are shown in Table 14.1. 
Around the Ath stage, the material balance is 
Керк + АУ + tig 7 Кух — Ехуд = 0, (14.23) 
When combined with Eq. (14.19), the material balance becomes 


Ry xia (К, + Ep Ki) Xie + Ек АҚ, кх к = 7 Fe 


(14.24) 
In the top stage, К = 1 and Ro = 0 so that 
—(К, tV Кала + Е.Кохо = —Ё2д. (14.25) 
In the bottom stage, k = М and Ел. =0 so that 
Ry-1%i,n-1 — (Ry + EwKin) Xin = – Будм: (14.26) 
The overall balance from stage 1 through stage k is 
k 
Re = Е-Е. + DF (14.27) 
1 


which is used to find raffinate flows when values of the extract flows 
have been estimated. 

For all stages for a component i, Eqs. (14.24)-(14.26) 
constitute a tridiagonal matrix which is written 


B, C, x; D, 
A, B, С, Xj D, 
А; Bj C; Xy =| D; (14.28) 
Ақ-а Ві Cy a || Xia Ру_1 
Ay By Хау Dy 


When all of the coefficients are known, this can be solved for the 
concentrations of component i in every stage. A straightforward 
method for solving a tridiagonal matrix is known as the Thomas 
algorithm to which references are made in Sec. 13.10, “Basis for 
Computer Evaluation of Multicomponent Separations: Specifi- 
cations." 


INITIAL ESTIMATES 


Solution of the equations is a process in which the coefficients of 
На. (14.28) are iteratively improved. To start, estimates must be 
made of the flow rates of all components in every stage. One 
procedure is to assume complete removal of a “light” key into the 
extract and of the “heavy” key into the raffinate, and to keep the 
solvent in the extract phase throughout the system. The distribution 
of the keys in the intermediate stages is assumed to vary linearly, 
and they must be made consistent with the overall balance, Eq. 
(14.27), for each component. With these estimated flowrates, the 
values of x, and yj, are evaluated and may be used to find the 
activity coefficients and distribution ratios, Ку. This procedure is 
used in Example 14.9. 


PROCEDURE 


The iterative calculation procedure is outlined in Figure 14.10. The 
method is an adaptation to extraction by Tsuboka and Katayama 
(1976) of the distillation calculation procedure of Wang and Henke 
[Hydrocarb. Proc. 45(8), 155-163 (1967)]. It is also presented by 
Henley and Seader (1981, pp. 586—594). 


1. The initial values of the flowrates and compositions x; and у 
are estimated as explained earlier. 

2. The values of activity coefficients and distribution ratios are 
evaluated. 

3. The coefficients in the tridiagonal matrix are evaluated from 
Eqs. (14.24)-(14.26). The matrix is solved once for each 
component. 

4. The computed values of iteration (r + 1) are compared with 
those of the preceding iteration as 


Ma 


тіс 


(14.29) 


М 
У 0 — x] = e, =0.01NC. 
ісі k=1 


The magnitude, 0.01NC, of the convergence criterion is 
arbitrary. 

For succeeding evaluations of activity coefficients, the values of 
the mol fractions are normalized as 


Е 


c 
(Xi) normalized = Xi > Xiks 
ізі 


с (14.30) 
(Уй normatized = Уж Ў > Yik- 


6. When the values of x, have converged, a new set of yj, is 
calculated with 


Уж Ка Ха. (14.19) 
7. А new set of extract flow rates is calculated from 
c 
EÇ D = EP Y ya, (14.31) 


i=l 


where s is the outer loop index number. 
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TABLE 14.1. NRTL and UNIQUAC Correlations for Activity Coefficients of Three- 
Component Mixtures? 





МЕТІ, 
- түбүхү+ тах + т баз 
T a MEM ntt tit t ma Rt. 
Xi Суху t Guixa t G3ix; 
хіба _ 2721021 + x3t31G31 
xı + Gpx? + бузхз xj + x3G21 + хзбз1 
хб» _ Хіті2біз + 33132632 
Сухі + ху) + бҙҙхҙ хібу + x2 + x3G3; 
x3Gi3 _ хітізбіз + Х27236 23 
бізхі + бәҙхҙ + хз бізхі + бҙҙхҙ + хз 
тт 0 
G= 1 
UNIQUAC 


$; 0; Ф; 
In y; = in7- + 54; n tl- Voc + xl; + хуз) + ай! — Іп(біт + 0575; + 0374))] 
i i і 
Е бүгі _ bariz Е Өзгіҙ 
6, + 05754 + 0513, 81712 50; + 0373 бігіз + 05753 +8, 


ГР: 


em Руху + Г2Х2 T 73x43 


qdi*i 


41Х %42Х2 + 43X3 


і 


l-5(rj-qi)-—ritl 





*NRTL equation: There is а pair of parameters дк and ок; for each pair of substances in the 
mixture; for three substances, there are three pairs. The other terms of the equations are related 
to the basic ones by 


тк = gal RT, 
Gy, = expl - арт). 


For liquid-liquid systems usually, а, = 0.4. 
UNIQUAC equation: There is a pair of parameters uj, and u,; for each pair of substances in 
the mixture: 


vj, = exp(- uy / RT). 


The terms with single subscripts are properties of the pure materials which are usually known or 
can be estimated. 

The equations are extended readily to more components. 

(See, for example, Waias, Phase Equilibria in Chemical Engineering, Butterworths, 1985). 


8. The criterion for convergence is 9. If convergence has not been attained, new values of R, are 
N calculated from Eq. (14.27). 
t= У, (1- БОЈЕ PY x e, = 0.01М. (14.32) 10. Distribution ratios K,, are based on normalized values of xj, 
k=l and ух. 
The magnitude, 0.01N, of the convergence criterion is 11. The iteration process continues through the inner and outer 


arbitrary. loops. 
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ЕХАМРГЕ 14.9 

Trial Estimates and Converged Flow Rates and Compositions 

in All Stages of an Extraction Battery for a Four-Component 

Mixture 
Benzene is to be recovered from a mixture with hexane using 
aqueous dimethylformamide as solvent in a five-stage extraction 
battery. Trial estimates of flow rates for starting a numerical 
solution are made by first assuming that all of the benzene and all of 
the solvent ultimately appear in the extract and ail of the hexane 
appears in the raffinate. Then flow rates throughout the battery are 
assumed to vary linearly with stage number. Table 1 shows these 
estimated flowrates and Table 2 shows the corresponding mol 
fractions. Tables 3 and 4 shows the converged solution made by 
Henley and Seader (1981, p. 592); they do not give any details of 
the solution but the algorithm of Figure 14.10 was followed. 


TABLE 1. Estimated mol/hr 





Extract 
Stage Total Н B D 


Raffinate 





0 ЙЕК 
1 1100 О 100 750 250 400 300 100 0 0 
2 1080 0 80 750 250 380 300 80 0 0 
3 1060 0 60 750 250 360 300 60 0 0 
4 1044 0 40 750 250 340 300 40 0 0 
5 1020 0 20 750 250 320 300 20 0 0 
М+1 1000 0 0 750 250 300 300 оо 0 





W Total Н В ри 


TABLE 2. Estimated Мо! Fractions 





У; Ху 
Stage 
і В D Ww H B D W 
1 0.0 0.0909 0.6818 0.2273 0.7895 0.2105 0.0 0.0 
2 0.0 0.0741 0.6944 0.2315 0.8333 0.1667 0.0 0.0 
3 0.0 0.0566 0.7076 0.2359 0.8824 0.1176 0.0 0.0 
4 0.0 0.0385 0.7211 0.2404 0.9375 0.0625 0.0 0.0 
5 0.0 0.0196 0.7353 0.2451 1.0000 0.0 0.0 0.0 


TABLE 3. Converged Mol Fractions 





Vi Xij 
Stage. ----------- — —————————— 

і H B D Ww H B D Ww 

1 0.0263 0.0866 0.6626 0.2245 0.7586 0.1628 0.0777 0.0009 
2 0.0238 0.0545 0.6952 0.2265 0.8326 0.1035 0.0633 0.0006 
3 0.0213 0.0309 0.7131 0.2347 0.8858 0.0606 0.0532 0.0004 
4 0.0198 0.0157 0.7246 0.2399 0.9211 0.0315 0.0471 0.0003 
5 0.0190 0.0062 0.7316 0.2432 0.9438 0.0125 0.0434 0.0003 


TABLE 4. Converged mol/hr 


Extract Raffinate 
Hexane 29.3 270.7 
Benzene 96.4 3.6 
DMF 737.5 12.5 
Water 249.0 0.1 
Total 1113.1 286.9 





Solutions of four cases of three- and four-component systems 
are presented by Tsuboka and Katayama (1976); the number of 
outer loop iterations ranged from 7 to 41. The four component case 
worked out by Henley and Seader (1981) is summarized in Example 
14.9; they solved two cases with different water contents of the 
solvent, dimethylformamide. 


14.6. EQUIPMENT FOR EXTRACTION 


Equipment for extraction and leaching must be capable of providing 
intimate contact between two phases so as to effect transfer of 
solute between them and also of ultimately effecting a complete 
separation of the phases. For so general an operation, naturally a 
substantial variety of equipment has been devised. A very general 
classification of equipment, their main characteristics and industrial 
applications is in Table 14.2. A detailed table of comparisons and 
ratings of 20 kinds of equipment on 14 characteristics has been 
prepared by Pratt and Hanson (in Lo et al., 1983, p. 476). Some 
comparisons of required sizes and costs are in Table 14.3. 

Selected examples of the main categories of extractors are 
represented in Figures 14.11-14.15. Their capacities and perfor- 
mance will be described in general terms insofar as possible, but 
sizing of liquid-liquid extraction equipment always requires some 
pilot plant data or acquaintance with analogous cases. Little 
detailed information about such analogous situations appears in the 
open literature. Engineers familiar with particular kinds of 
equipment, such as their manufacturers, usually can predict 
performance with a minimum amount of pilot plant data. 


Literature data is almost entirely for small equipment whose 
capacity and efficiency cannot be scaled up to commercial sizes, 
although it is of qualitative value. Extraction processes are sensitive 
because they operate with small density differences that are 
sensitive to temperature and the amount of solute transfer. They 
also are affected by interfacial tensions, the large changes in phase 
flow rates that commonly occur, and even by the direction of mass 
transfer. For comparison, none of these factors is of major 
significance in vapor-liquid contacting. 


CHOICE OF DISPERSE PHASE 


Customarily the phase with the highest volumetric rate is dispersed 
since a larger interfacial area results in this way with a given droplet 
size. In equipment that is subject to backmixing, such as spray and 
packed towers but not sieve tray towers, the disperse phase is made 
the one with the smaller volumetric rate. When a substantial 
difference in resistances of extract and raffinate films to mass 
transfer exists, the high phase resistance should be compensated for 
with increased surface by dispersion. From this point of view, 
Laddha and Degaleesan (1978, pp. 194) point out that water should 
be the dispersed phase in the system water + diethylamine + 
toluene. The dispersed phase should be the one that wets the 
material of construction less well. Since the holdup of continuous 
phase usually is greater, the phase that is less hazardous or less 
expensive should be continuous. It is best usually to disperse a 
highly viscous phase. 





Specify stages М and feeds қ, 
E 

Estimate all E, апау, 

Find all R, and x, with Eq. 14.27 

Find Yie 7^,, Eq. 14.21 
















Inner and outer loop index numbers 











































Calc x ik from tridiagonal system Calc Ук= К Ху, 
Eq. 14.28, NC values normalize у, and 
recalc К. 
Г Inner loop convergence criterion, NO Normalize х., 
Eq. 14.29, T, = Є, = 0.01 NC? Eq. 14.30 
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Outer loop convergence criterion, YES 
Eq. 14.32, 7,- €,-0.01? END 














Loop indexes 





Figure 14.10. Algorithm for computing flows and compositions in an 
extraction battery of a specified number of stages (after Henley and 
Seader, 1981). 


MIXER-SETTLERS 


The original and in concept the simplest way of accomplishing 
extractions is to mix the two phases thoroughly in one vessel and 
then to allow the phases to separate in another vessel. A series of 
such operations performed with series or countercurrent flows of 
the phases can accomplish any desired degree of separation. 
Mixer-settlers have several advantages and disadvantages, for 
instance: 


Pros. The stages are independent, can be added to or removed 
as needed, are easy to start up and shut down, are not bothered 
by suspended solids, and can be sized for high (normally 80%) 
efficiencies. 


Cons. Emulsions can be formed by severe mixing which are 
hard to break up, pumping of one or both phases between 
tanks may be required, independent agitation equipment and 
large floor space needs are expensive, and high holdup of 
valuable or hazardous solvents exists particularly in the settlers. 


Some examples of more or less compact arrangements of 
mixers and settlers are in Figures 14.11 and 14.14(c). Mixing 
equipment is described in Chapter 10 where rules for sizing, 
blending, mixing intensity, and power requirements are covered, for 
instance Figure 10.3 for blend times in stirred tanks. Mixing with 
impellers in tanks is most common, but also is accomplished with 
pumps, jet mixers [Fig. 14.11(b)], line mixers and static mixers. 
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TABLE 14.2. Features and industrial Applications of Liquid— 
Liquid Extractors 


Types of 
extractor 


Unagitated 
columns 


Mixer-settlers 


Pulsed columns 


Rotary-agitation 
columns 


Reciprocating- 
plate 
columns 


Centrifugal 
extractors 


General features 


Low capital cost 

Low operating and maintenance 
cost 

Simplicity in construction 

Handles corrosive material 


High-stage efficiency 

Handles wide solvent ratios 

High capacity 

Good flexibility 

Reliable scale-up 

Handles liquids with high viscosity 


Low HETS 
No internal moving parts 
Many stages possible 


Reasonable capacity 

Reasonable HETS 

Many stages possible 

Reasonable construction cost 

Low operating and maintenance 
cost 


High throughput 

Low HETS 

Great versatility and flexibility 

Simplicity in construction 

Handles liquids containing 
suspended solids 

Handles mixtures with emulsifying 
tendencies 


Short contacting time for unstable 
material 

Limited space required 

Handles easily emulsified material 

Handles systems with little liquid 
density difference 


Fields of 
industrial 
application 


Petrochemical 
Chemical 


Petrochemical 
Nuclear 
Fertilizer 
Metallurgical 


Nuclear 
Petrochemical 
Metallurgical 


Petrochemical 
Metallurgical 
Pharmaceutical 
Fertilizer 


Pharmaceutical 
Petrochemical 
Metailurgical 
Chemical 


Pharmaceutical 
Nuclear 
Petrochemical 


(Reprinted by permission from T. C. Lo, Recent Developments in 
Commercial Extractors, Engineering Foundation Conference on Mixing 
Research, Rindge, N.H., 1975). 


Capacities of line mixers such as those of Figure 10.13 and of static 
mixers such as those of Figure 10.14 are stated in manufacturers 
catalogs. A procedure for estimating mixing efficiencies from basic 
correlations is illustrated by Laddha and Degaleesan (1978, p. 424). 

Separation of the mixed phases is accomplished by gravity 
settling or less commonly by centrifugation. It can be enhanced by 
inducing coalescence with packing or electrically, or by shortening 
the distance of fall to a coalesced phase. Figures 14.11(d), 18.2, and 
18.3 are some examples. Chapter 18 deals with some aspects of the 
separation of liquid phases. 

A common basis for the design of settlers is an assumed droplet 
size of 150 ит, which is the basis of the standard API design 
method for oil-water separators. Stokes law is applied to find the 
settling time. In open vessels, residence times of 30-60 шіп or 
superficial velocities of 0.5-1.5ft/min commonly are provided. 
Longitudinal baffles can cut the residence time to 5—10 min. 
Coalescence with packing or wire mesh or electrically cut these 
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TABLE 14.3. Comparisons of Performance and Costs of 
Extraction Equipment 


(а) Some Comparisons and Other Performance Data 


Total Flow Capacity 
(Imp. gal /hrit”} 


System Equipment Pilot Plant Plant 
Co-Ni-D2EHPA Mixco agitated (4in.) 300 (60 in.) 170 
Н,50, Karr reciprocating (3 in.) 900 
sieve plate pulse (2 in.) 900 
Zr-Hf- TBP Mixco agitated (30 in.) 184 
HNO, sieve plate pulse (2 in.) 500 
(steel) 
sieve plate pulse (2 in.) 1345 (10 in.) 1345 
(Teflon) 
RDC (30 in.) 135 
НҒ-2г-МІВК spray column (4 in.) 2450 
SCN 
Rare earths— Podbielniak (4 feed dia) 
D2EHPA centrifuge 30,000 gal/hr 
H,SO, 
U-amine-solvent- sieve plate pulse (2in.) 600 (10 іп.) 900 
in-pulp H,SO, 
Cu-Lix 64N mixer settlers 60—120 
H,SO, 
Cu-Ni-amine mixer settlers 60-120 
НСІ 


(b) Cost Comparison, 1970 Prices, for Extraction of 150 арт of 
Aqueous Feed Containing 5 g/L of Cu with 100 gpm Solvent, 
Recovering 99% of the Copper 


Equipment Required 


Equip. Total 
Dia. Length Cost cost 
Contactor No. (ft) (ft $ x 1000 $ x 1000 

Mixer settler 2 — — 60 151.2 
Mixco 3 5 16 100 246.7 
Риіве 1 5 60 160 261.5 
Кепісв 3 28 230 336.1 
Podbielniak 3-D36 — 300 378.0 
Graesser 15 5 3.0 88 308.0 


? Mixers have 150 gal capacity, settlers аге 150 sqft by 4 ft deep with 
9 іп. solvent layer. 
(G.M. Ritcey and A.W. Ashbrook, Solvent Extraction, 1979, Vol. 11). 


times substantially. A chart for determining separation of droplets 
of water with a plate pack of 3/4in. spacing is reproduced by 
Hooper and Jacobs (in Schweitzer, 1979, 1.343-1.358). Numerical 
examples of settler design also are given in that work. For especially 
difficult separations or for space saving, centrifuges are applied. 
Liquid hydrocyclones individually have low efficiencies, but a 
number in series can attain 80-85% efficiency overall. Electrical 
coalescence is used commonly for separation of brine from crude 
oil; the subject is treated by Waterman (Chem. Eng. Prog. 61(10), 
51 1965). 

А control system for a mixer-settler is represented by Figure 
3.19. 


SPRAY TOWERS 


These are empty vessels with provisions for introducing the liquids 
as dispersed or continuous phases and for removing them. Figure 
14.12(a) shows both phases dispersed, which may be demanded 


when substantial changes in volumetric or physical properties result 
from solute transfer. Capacities of spray towers are high because of 
their openness, and they are not bothered by suspended solids. 
Backmixing is severe in towers of more than a few inches in 
diameter. Without operating experience to the contrary, even 
towers 20-40 ft high cannot be depended upon to function as more 
than single stages. The cross section is determined by the flooding 
velocity; that of the continuous phase is correlated by the equation 


40004228 
|0.483,2:250:5-. 4805659 5(y, [y, 951 








Ver ft/hr, (14.33) 


where a factor of 0.4 suggested by Treybal has been incorporated 
for safe design. The units are ftlbhr; the viscosity ис lb/ft hr = 
2.42 cP. For large capacities, several parallel towers of at most 2 ft 
dia should be used. Commercially, spray towers are suitable for 
liquid-liquid processes in which rapid, irreversible chemical 
reactions occur, as in neutralization of waste acids. The substantial 
literature of flooding, holdup, mass transfer and axial mixing in 
small spray towers is reviewed by Laddha and Degaleesan (1978, 
pp. 221-255) and more briefly by Cavers (in Lo et al., 1983, pp. 
320—328). 


PACKED TOWERS 


Since mass transfer in packed or spray towers occurs differentially 
rather than stagewise, their performance should be expressed in 
terms of the number of transfer units (NTU) rather than the 
number of theoretical stages (NTS). For dilute systems, the number 
of transfer units is given in terms of the terminal concentrations and 
the equilibrium relation by 


х2 4х 


МТО = | -----. 
xi * T Xequilib 


(14.34) 


In order to permit sizing a tower, data must be available of the 
height of a transfer unit (HTU). This term often is used 
interchangeably with the height equivalent to a theoretical stage 
(HETS), but strictly they are equal only for dilute solutions when 
the ratio of the extract and raffinate flow rates, E/R, equals the 
distribution coefficient, К = хь/хе (Treybal, 1963, p. 350). 
Extractor performance also is expressible in terms of mass transfer 
coefficients, for instance, К ка, which is related to the number and 
height of transfer units by 


K,aAC NIU 1 
E/S | Z НТУ’ 








(14.35) 


where E/S is the extract flow rate per unit cross section and AC is 
mean concentration difference of the solute. Correlations of this 
quantity based on data from towers of 1-2 in. dia have been made, 
for example, by Laddha and Degaleesan (1978). They may be of 
qualitative value in predicting performance of commercial 
equipment when combined with some direct pilot plant information. 
In commercial size towers, HETS of 2-5 ft may be realized. Mass 
transfer drops off sharply with axial distance, so that the dispersed 
phase is redistributed every 5-7 ft. A sketch of a redistributor is in 
Figure 14.12(e). Extractors with three or more beds are not 
uncommon. 

Packed towers may be employed when 5-10 stages suffice. 
They are not satisfactory at interfacial tensions above 10 dyn/cm. 
Even at this condition, sieve trays have greater efficiency, and at 
much higher interfacial tensions some form of agitated tower is 
required. 

Metal and ceramic packings tend to remain wetted with the 
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Figure 14.11. Some types and arrangements of mixers and settlers. (a) Kemira mixer-settler (Mattila, Proc. Solvent Extraction Conference, 
ISEC 74, Inst. Chem. Eng., London, 1974); (b) Injection mixer and settler (Ziolkowski, 1961). (c) Gravity settler; “rag” is foreign material 
that collects at the interface. (d) Provisions for improving rate of settling: (top) with packing or wire mesh; (bottom) with a nest of plates. 
(e) Compact arrangement of pump mixers and settlers [Coplan et al., Chem. Eng. Prog. 50, 403 (1954)]. (f) Vertical arrangement of a 
battery of settlers and external mixers (Lurgi Gesellschaften). 
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Figure 14.13. Towers with reciprocating trays or with pulsing action. (a) Assembly of а 36 ш. Karr reciprocating tray column (Chem. Pro. 
Co.). (b) Sieve trays used in reciprocating trays columns; (left) large opening trays for the Karr column; (middle) countermotion trays with 
cutouts; (right) countermotion trays with downpipes for heavy phase. (c) Rotary valve pulsator, consisting of a variable speed pump and a 
rotary valve that alternately links the column with pairs of suction and discharge vessels. (d) Sieve tray tower with a pneumatic pulser [Proc. 
Int. Solv. Extr. Conf. 2, 1571 (1974)]. (e) A pulser with a cam-operated bellows. 
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liquid that first wets them, so that the tower should be charged first 
with the continuous phase. Thermoplastics tend to be preferentially 
oil wetted, but they can be wetted by aqueous phase if immersed in 
it for several days. 

Intalox saddles and pall rings of 1-1.5-іп. size are the most 
commonly used packings. Smaller sizes tend to be less effective 
since their voids are of the same order of magnitude as drop 
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sizes. The flooding correlation of Figure 14.16 is recommended Бу 
Eckert (1984); a safe design is about 70% of the value obtained 
with this correlation. Dispersed phase loadings should not exceed 
25 gal/(min)(sqft). Dispersion is best accomplished with perforated 
plates in which hole sizes are 3/16-1/4 т. Velocities through the 
holes should not exceed 0.8ft/sec, but if short riser tubes are 
employed the velocities can be as high as 1.5 ft/sec. 
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Figure 14.14. Tower extractors with rotary agitators. (a) RDC (rotating disk contactor) extraction tower (Escher B.V., Holland). (b) 
Oldshue-Rushton extractor with turbine impellers and stator rings (Mixing Equip. Co.). (c) ARD (asymmetric rotating disk) extractor: (1) 
rotating disk rotor; (2) mixing zone; (3) settling zone (Luwa A.G.). (d) Kuhni extractor, employing turbine impellers and perforated 
partitions (Kühni Ltd.). (е) EC (enhanced coalescing) extractor [Fischer et al., Chem. Ing. Tech., 228 (Мағ. 1983)]. (f) Model of Scheibel 
extractor employing baffled mixing stages and wire mesh separating zones (E.G. Scheibel Inc.). (g) Model of Scheibel extractor employing 
shrouded turbine impellers and flat stators, suited for larger diameter columns (E.G. Scheibel Inc.). 
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Figure 14.14—(continued) 


SIEVE TRAY TOWERS 


In sieve or perforated tray towers, the continuous phase runs across 
each tray and proceeds to the next one through a downcomer or 
riser. The dispersed phase is trapped as a coalesced layer at each 
tray and redispersed. The designs for light phase or heavy phase 
dispersion are shown in Figure 14.12(d). Either phase may be the 
dispersed one, but usually it is the raffinate. Both the reduced axial 
mixing because of the presence of the trays and the repeated 
dispersion tend to improve the efficiency over the other kinds of 
unagitated towers. 

Hole diameters are much smaller than for vapor-liquid con- 
tacting, being 3-8 mm, usually on triangular spacing of 2-3 dia, and 
occupy from 15 to 2596 of the available tray area. The area at a 
downcomer or riser is not perforated, nor is the area at the support 
ring which may be an inch or two wide. Velocities through the holes 
are kept below about 0.8 ft/sec to avoid formation of very small 
droplets. The head availabie for flow of the continuous pulse is the 
tray spacing. It is estimated as 4.5 velocity heads and thus is given 
by the equation 

д = 4.5У2р.[28. (14.36) 
where У, is the linear velocity іп the downcomer. It is usual to fill 
the downcomer with packing to coalesce entrainment; then the 
downcomer cross section must be made correspondingly larger. 


Diameter of the Tower. Тһе cross section of the tower must be 
made large enough to accommodate the downcomer and the 
perforated zone. Diameters of 12 ft or more are common. 

Tray spacing is from 6—24 in., the larger dimension to facilitate 
servicing the trays in place when necessary. Both the downcomer 
cross section and the depth of coalesced layer are factors related to 
the spacing, and so is the efficiency. The depth of coalesced layer at 
each tray must be sufficient to force the liquid through the holes. In 
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the range of 1 ft/sec through the holes, surface tension does not 
affect the flow significantly, so that the head—velocity relationship is 
the common one through orifices, namely, 


V = 0.67 V2g. h Ap] pp. 


А correction also can be applied for the ratio of perforated and 
total tray areas. For the case of Example 14.10, the depth of 
coalesced layer is 1.6 іп. according to this equation. 


(14.37) 


Tray Efficiency. ^ rough correlation for tray efficiency is due 
to Treybal (1963); as modified by Krishnamurty and Rao [Ind. Eng. 
Chem. Process. Des. Dev. 7, 166 (1968)] it has the form 

Е-(0.352%/0405уу,/ V), (14.38) 
where the interfacial tension о is in dyn/cm and the tray spacing Zr 
and hole diameter d; are in ft. Efficiencies and capacities of several 
kinds of extractors are summarized in Figure 14.17. 

Application of the rules given here for sizing extraction towers 
without mechanical agitation is made in Example 14.10. The results 
probably are valid within only about 25%. Тһе need for some pilot 
plant information of the particular system is essential. 


PULSED PACKED AND SIEVE TRAY TOWERS 


А rapid reciprocating motion imparted to the liquid in a tower 
results in improved mass transfer. This action can be accomplished 
without parts and bearings in contact with the process liquids and 
consequently has found favor for handling hazardous and corrosive 
liquids as in nuclear energy applications. Most of the applications 
still are in that industry, but several other installations are listed by 
Lo et al. (1983, pp. 345, 366). Packed columns up © 3mdia and 
10 m high with throughputs in excess of 200 m?/hr are in use. 

Both packed and perforated plate towers are in use. The most 
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Figure 14.15. A horizontal rotating extractor and two kinds of centrifugal extractors. (а) The RTL (formerly Graesser raining 
bucket) horizontal rotating extractor; both phases are dispersed at some portion of the rotation (RTL S. A., London). 
(b) Operating principle of the Podbielniak centrifugal extractor; it is made up of several concentric perforated cylinders 
(Baker—Perkins Co.). (с) The Luwesta centrifugal extractor (schematic diagram) (Luwa Corp.). 


commonly used packing is lin. Raschig rings. A “standard” 
geometry for the plates is 3 mm dia holes on triangular spacing to 
give 23% open area, plate thickness of 2 mm, and plate spacing of 
50mm. Reissinger and Schróter (1978) favor 2mm holes and 
100 mm plate spacing. The action of the plates is to disperse the 
heavy phase on the upstroke and the light phase on the down 
stroke. 

Pulsing is uniform across the cross section, and accordingly the 
height needed to achieve a required extraction is substantially 
independent of the diameter as long as hydrodynamic similarity is 
preserved. Although correlations for flooding, holdup, and HTU 
are not well generalized, a major correlating factor is the product of 
frequency f and amplitude A, ; in practical applications fA, is in the 
range of 20-60 mm/sec. 

One large user has standardized on a frequency of 90 
cycles/min and amplitudes of vibration of 6—25 mm. Three kinds of 
pulsing modes are shown in Figures 14.13(c)-(e). The rotary valve 
pulsator consists of two reservoirs each on the suction and discharge 
of a variable speed centifugal pump and hooked to a rotating valve. 
Pneumatic and reciprocating pump pulsers also are popular. 


Extraction efficiency сап be preserved over a wide range of 
throughputs by adjusting the product fA,. A comparison of several 
correlations of НТО made by Logsdail and Slater (in Lo et al., 
1983, pp. 364) shows a four- to five-fold range, but a rough 
conservative rule can be deduced from these data, namely 


HTU -3.7/(fA,)?, 20xfA, < 60 mm/sec, (14.39) 


which gives an НТО of 1 m at fP, = 50 mm/sec. In small diameter 
extractors, data for HETS of 0.2—0.5 m or less have been found, as 
appear in Figure 14.17. 

Flooding, holdup, and mass transfer rates are highly 
interdependent and are not simply related. Reissinger and Schróter 
(1978) state that tray towers in comparison with other types have 
good efficiencies at 60 m?/m? hr at frequencies of 60-90/min and 
amplitudes of 10 mm. Packed towers have about 2/3 the capacities 
of tray towers. Also in comparison with unagitated towers, which 
are limited to interfacial tensions below 10 dyn/cm, pulsed towers 
are not limited by interfacial tension up to 30—40 dyn/cm. Some 
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Figure 14.16. Flooding velocities in liquid-liquid packed towers 
[7.5. Eckert, Encycl. Chem. Process. Des. 21, 149—165 (1984)]. 
V = ft/hr (superficial velocity); С = continuous phase; D = disperse 
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phase; a sqft area of packing/cuft; А = difference; ғ = void 
fraction in packing; u = viscosity centipoise continuous phase; 

= ]b/cuft; о = (dynes/cm) interfacial surface tension; F = packing 
factor. 


further comparisons are made in Tables 14.3 and 14.4 and Figure 
14.17. 


RECIPROCATING TRAY TOWERS 


Desirable motion can be imparted to the liquids by reciprocating 
motion of the plates rather than by pulsing the entire liquid mass. 
This mode employs much less power and provides equally good 
extraction efficiency. A 30in.dia tower 20ft high is sufficiently 
agitated with а 1.5 HP motor. Some arrangements of such 
extractors are shown in Figure 14.13. 

The holes of reciprocating plates are much larger than those of 
pulsed ones. Typical specifications of such extractors are: Holes are 
9/16in.dia, open area is 50-60%, stroke length 0.5-1.0in., 
100-150 strokes/min at 0.75 in. stroke length, plate spacing normally 
2in. but may vary from 1-біп. when the physical properties vary 
significantly in different parts of the tower. In towers about 30 in. 
dia, HETS is 20-25іп. and throughputs are up to 40 m?/m?hr 
(2000 gal/hr saft). Scaleup formulas for HETS and reciprocating 
speed, fA,, are stated by the manufacturer, Chem Pro Corp.: 


(HETS),/(HETS), = (D,/D,)°**, (14.40) 
(/А„)„/ ФА.) = (D/ D; "*. (14.41) 


The performance of a reciprocating tower is compared with several 
other small extractors in Figure 14.17. 

An extractor with countermotion of alternate plates is known 
as the VPE (vibrating plate extractor). Figure 14.13(b) shows the 
arrangement. This model also is constructed with segmented plates 
or with downcomers for passage of the continuous phase. At least 
during some portion of the cycle, the light phase coalesces and is 
trapped below the tray, just as in static tray extractors. The capacity 
of these units is greater than of those with full trays and the 
efficiency remains high. Some data (Lo et al., 1984, p. 386) indicate 
that some commercial extractions are completed satisfactorily in 
towers 4-8 m high at rates of 35-100 m?/n£ hr. 
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ROTATING DISK CONTACTOR (RDC) 


The concept of arranging a battery of mixer-settlers in a vertical line 
in a single shell has been implemented in a variety of ways. In the 
RDC (Rotary Disk Contactor) extractor, the impellers are flat 
disks, the mixing zones are separated by partial diametral baffles 
called stators, but distinct settling zones are not provided. Figure 
14.14(a) is a sketch. Because of its geometrical simplicity and its 
effectiveness, the RDC is one of the most widely employed of 
agitated extractors. The situations in which it may not be suitable 
are when only a few stages are needed, in which case mixer-settlers 
will be satisfactory and cheaper; or when their large holdup and 
long residence times may be harmful to unstable substances; or for 
systems with low interfacial tensions and low density differences 
because then stable emulsions may be formed by the intense 
agitation. 

According to the comparisons of small units in Figure 14.17, 
the RDC is intermediate in stage efficiency and throughput. The 
value of HETS = 0.3 m from this figure compares roughly with the 
НТО = 0.4 or 0.75, depending on which phase is dispersed, of the 
pilot plant data of Example 14.11. 

The design procedure used by Kosters, of Shell Oil Co., who 
developed this equipment, requires pilot plant measurements on the 
particular system of HTU and slip velocity as functions of power 
input. The procedure for scaleup is summarized in Table 14.5, and 
results of a typical design worked out by Kosters (in Lo et al., 1983, 
pp. 391—405) are summarized in Example 14.11. Scaleup by this 
method is said to be reliable in going from 64mmdia to 
4-4.5 m dia. The data of Figure 14.18 are used in this study. 


OTHER ROTARY AGITATED TOWERS 


One of the first agitated tower extractors was developed by Scheibel 
(AICRE. J. 44, 681, 1948). The original design, like Figure 14.14(f), 
employed settling zones packed with wire mesh, but these were 
found unnecessary in most cases and now flat partitions between 
mixing zones are used. Тһе Mixco [Fig. 14.14(b)] and 
Scheibel-York [Fig. 14.14(g)] units differ primarily in the turbine 
impellers, the Mixco being open and the other shrouded. In spite of 
the similarity of their equipment, the manufacturers have possibly 
different ranges of experience. Since extractor selection is not on an 
entirely rational basis, a particular body of experience may be 
critical for fine tuning. 

Enhanced coalescing between stages is provided in the designs 
of Figure 14.14(e). The Kühni extractor of Figure 14.14(d) employs 
shrouded turbine impellers and perforated plate partitions between 
compartments and extending over the entire cross section. The 
ARD (asymmetric rotating disk) extractor has lateral spaces for 
settling between agitation zones. 

Some performance data are cited for the Kühni by Ritcey and 
Ashbrook (1979, p. 102): 


96 Free Cross Section m?/m? hr HETS (m) 
10 10 0.08 
40 50 0.20 


Although not all equipment is compared, Figure 14.17 shows Ше 
Kühni to have a high efficiency but somewhat lower capacity than 
the RDC and other units. 

Most of these types of equipment have at least several hundred 
installations. The sizing of full scale equipment still requires pilot 
planting of particular systems. The scaleup procedures require 
geometrical and hydrodynamic similarities between the pilot and 
full scale plants. Hydrodynamic similarity implies equalities of 
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EXAMPLE 14.10 

Sizing of Spray, Packed, or Sieve Tray Towers 
Five theoretical stages are needed for liquid-liquid extraction of a 
system with these properties: 


Ор = 600 cuft/hr, 
Q, = 500 cuft/hr, 

Pp = 50 Ib/cuft, 
р. = 6016 /сай, 


Hp = 0.5 cP, 
Le = 1.0 cP, 2.42 lb/ft hr, 
o=10dyn/cm, interfacial tension, 


do = 0.0208 ft (0.25”), hole size, 
а, =0.02 ft (droplet diameter). 


Spray tower: The flooding velocity is found with Eq. (14.33): 


4000(10)°-28 
[0.483(2.42)9975(60)9? + (0.02)0-0%50)°(1.2)°р 
= 73.0 ft/hr, 
A, = 600/73.0 = 8.22 зай, 
D = 3.24 ft. 


Ур = 





To accommodate five stages, a total height of 100 ft or so would be 
needed. Two towers each 3.5 ft dia by 50 ft high would be suitable. 

Packed tower: Flooding velocity is obtained with Figure 14.17. 
For 1 in. metal pall rings, 


Fe? = a, [є = 63/0.94 = 67.02, 
(u./ Ap)(o/ p.) "(ay е)" = (1/10)(10/60)%2(67.02) 5 = 38.34, 
=. 200 = V, [1 + (Vp/ V) F Pel apto 

= у + 1.2°°760/63(1), 


V, = 47.83 ft/hr, at the flooding point. 


Take 70% of flooding: 


A, = 500/0.7(47.83) = 14.93 sqft 
D = 4.36 ft. 


Take a conservative HETS — 5ft. Then the tower will be 4.5 ft dia 
with 25 ft of packing and two redistributors, a total of about 35 ft. 

Sieve tray tower: Таке 1.5ft tray spacing, 0.25 іп. holes on 
0.75 in. triangular spacing. The downcomer area is found with Eq. 
(14.36): 


4.5У2 р, 4.5(60) 
2g,^p  2(4.18)(105)(10) 





Ah=1.5= V2, 


Vp = 6815 ft/hr, 
A, = 600/6815 = 0.088 sqft, 


D,=4.02in., downcomer diameter. 


Take hole velocity — 0.8 ft/sec, 2880 ft/hr: 


total hole area = .600 








5880 = 0-2083 sqft. 
tray area 0.86602 221 (2) 
hole area. i(z/4)d ^ Vd 


=2.21(3)? = 19.89, 
tray area = 19.89(0.2083) = 4.14 зай. 


Add area of two 4 in. pipes, 4.5іп. OD = 0.11 sqft. 


area = 4.14 + 0.11 = 4.25 зай, 
dia = 27.9 in. 


Add 2 in. for support rings, making the diameter 30 in. 
Tray efficiency from Eq. (14.38): 


E- 





0.35(Z) ^ /V, Y? — 0.35(1.5)9^ 
49:35 (52) = 10. (0.0208) 235 

number of trays = 5/0.18 = 27.8, 

tower height = 1.5(28) + 6 = 48 ft, 


(1.2)? = 0.18, 


including 3 ft at each end. 


F—«—4 


Summary: 
Height Diameter 
Spray 100 3.2 
Packed 35 4,5 
Sieve tray 48 2.5 





droplet diameters, fractional holdups, and linear superficial velocities. 
Also preserved are the specific radial discharge rates, defined by 
Q/DH - (volumetric flow rate)/(vessel dia) (compartment height). 
A detailed design of an ARD extractor based on pilot plant 
work is presented by Misek and Marek (in Lo et al., 1983, pp. 
407-417). The design and operating parameters of the ARD 
extractor are related to the vessel diameter D (mm); thus: 


Free cross section — 25%. 
Disk diameter — 0.49D. 
Chamber height = 1.30987, 
Agitator rpm = 15,000/ 975, 


A manufacturer's bulletin on а 150mm dia ARD extractor gives 
HETS = 0.4 m and capacity 15 n? /m? hr. 
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Figure 14.17. Efficiency and capacity range of small diameter 
extractors, 50-150 mm dia. Acetone extracted from water with 
toluene as the disperse phase, У,/У, = 1.5. Code: АС = agitated 
cell; РРС = pulsed packed column; PST = pulsed sieve tray; 
RDC = rotating disk contactor; PC = packed column; MS = mixer- 
settler, ST —sieve tray [Stichlmair, Chem. Ing. Tech. 52(3), 
253-255 (1980)]. 


Less specific information about the other kinds of extractors 
mentioned here is presented by Lo et al. (1983, pp. 419—448) but no 
integrated examples. The information perhaps could be run down in 
the abundant literature cited there, or best from the manufacturers. 


OTHER KINDS OF EXTRACTORS 


Some novel types and variations of basic types of extractors have 
been developed, most of which have not found wide acceptance, for 
instance pulsed rotary towers. The literature of a few of them is 
listed by Baird (in Lo et al., 1983, pp. 453-457). Here the 
extractors illustrated in Figure 14.15 will be described. 
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Graesser Raining Bucket Contactor. The Graesser "raining 
bucket” contactor consists of a horizontal rotating shell with a shaft 
that carries a number of diametral partitions extending to the wall. 
Between the partitions are buckets that carry the liquid and cascade 
it through each phase. No attempt is made to effect dispersion 
beyond simply emptying the buckets. The light and heavy phases 
are alternately both dispersed. They are introduced and withdrawn 
at opposite ends. The speed of rotation is 1-40 rpm, depending on 
the diameter, and is gauged to effect proper mass transfer and yet 
avoid emulsification. An approximately linear relation exists 
between mass transfer rate and diameter up to about 2m. 
Production contactors usually are designed to provide about 0.3 
theoretical stages per compartment. Phase flow ratios of 6:1 are 
accommodated readily and ratios of up to 20:1 also have been 
designed for. Solids can be leached in this equipment; for instance, 
bitumen is dissolved away from tar sands with kerosene. 

A commercial unit 5ftdia by 18ft long has 26 x 7-in. wide 
compartments each with 16x 8-1п. buckets and provides six 
theoretical stages. A unit 12in. dia by ЗН long has a capacity of 
30 gal/hr at 8rpm. A unit 6ftdia has a capacity of 6000 gal/hr at 
1.4 rpm. 


Centrifugal Contactors. These devices have large capacities 
per unit, short residence times, and small holdup. They can handle 
systems that emulsify easily or have small density differences or 
large interfacial tensions or need large ratios of solvent to feed. 
Some types are employed as separators of mixtures made in other 
equipment, others as both mixers and settlers, and some as 
differential contactors. 

The Podbielniak contactor is a differential type. It is 
constructed of several perforated concentric cylinders and is shown 
schematically in Figure 14.15(b). Input and removal of the phases at 
each section are accomplished through radial tubes. The flow is 
countercurrent with alternate mixing and separating occurring 
respectively at the perforations and between the bands. The 
position of the interface is controlled by the back pressure applied 
on the light phase outlet. 

Residence time can be as short аз 10 вес. One 750 gpm unit is 
said to have a total liquid holdup of 200 gal. From 3-10 stages per 
unit have been reported, although Table 14.6 shows a range of 
1.8-7.7. A 65іп. dia casing can accommodate throughputs up to 
25,000 gal/hr. An economic comparison of a Podbielniak with other 


TABLE 14.4. Maximum Loads and Diameters of Extractors 


Maximum 
Load 
Column Type (m3/(m?\h)) 

Graesser contactor <10 
Scheibel «20 
Asymmetric rotating-disk 2225 
Lurgi tower 2:30 
Pulsed packed 240 
Rotating-disk contactor 240 
Kühni ж50 
Pulsed sieve-tray extractor —=60 
Кат 80-100 


Maximum Maximum 
Column Diameter Throughput 
(m) (m*/h) 
7.0 380 
1.0 16 
3.2-5.0 200 
8.0 1500 
2.8 250 
4.0 500 
30 350 
30 420 
1.0 <80 


These data apply at а high interfacial tension (30-40 dyn/cm), a viscosity similar to water, ап 
inlet ratio of the phases of 1:1 parts by volume, and a density difference of approximately 


0.6 g/cm). 
(Reissinger and Schröter, 1978). 
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EXAMPLE 14.11 

Design of a Rotating Disk Contactor 
А hydrocarbon mixture containing 10% aromatics and at the rate of 
55.5 m?/hr is to be treated with a solvent at the rate of 173.6 m?/hr. 
Ten stages are needed for the extraction. Pilot plant data are 
available for the HTU and the slip velocity; they are shown on the 
graphs for solvent either continuous or dispersed. The procedure of 
Table 14.5 was applied by Kosters (in Lo et al., 1983, рр. 391-405) 
with the following results: 


Solvent dispersed 


Solvent continuous 





1.0 0.8 0.6 0.4 0.2 0 
--—— HTU, m 


Solvent Solvent 
Continuous Dispersed 

Vessel dia (m) 2. 1.7 
Stator dia (m) 1.47 1.19 
Rotor dia (m) 1.26 1.02 
HTU (m) 0.41 0.75 
(НТО) sr (m) 0.663 1.107 
Number of compartments 40 81 
Compartment height (m) 0.20 0.17 
Total height (m) 10.4 15.7 
Rotor speed (rpm) 15-60 15-70 
Power (theoretical kW) 4.6 2.8 


Solvent dispersed 


olvent continuous 





“01 0.08 0.06 0.04 0.02 0 
€ Vs 





extractors is made in Table 14.3(b). Although its basic cost is high, 
it requires few auxiliaries so that the overall cost of an extraction 
plant is not drastically out of line in every instance. Nevertheless, 
this equipment 15 used primarily when short residence time and 
other characteristic features are indispensable. 

Other kinds of centrifugals also are used widely. Some are 
described by Hafez (in Lo et al., 1983, рр. 459-474) and 
performance data are presented in Table 14.6. Characteristics of 
centrifugals that are used primarily for removal of solids from 
slurries are summarized in Table 11.18. 


LEACHING EQUIPMENT 


In leaching processes, finely divided solids are contacted with 
solvents to remove soluble constituents. Usually some kind of 
multistage and countercurrent operation is desirable. The most 
bothersome aspect is handling of the wet solids. 

In the leaching battery of Figure 14.19(a), the solids are 
transported between vessels with slurry pumps and are mixed in line 


with countercurrent solution from the next stage. For the process to 
be effective, the solids must settle freely. The tanks have sloped 
bottoms and slowly moving rakes that scrape the solids towards the 
center discharge. Units employed for treating ores, for example, are 
very large, 100-200 ft dia. A few performance data of settlers are in 
Table 14.7. 

Solids being extracted remain fixed in the cells of the battery of 
Figure 14.20(b). Fresh solvent is charged to the cell that is most 
nearly exhausted and next to be taken off stream, then solution 
proceeds through the other cells in series and leaves as finished 
extract from the cell that has been charged most recently. For sugar 
beet extraction a battery normally consists of 10—14 cells. Cells have 
volumes ranging from 4-12 m? and height to diameter ratios as high 
as 1.5. Since leaching is faster at elevated temperatures, the 
solutions are heated between cells. Leaching time is 60-100 min. 
The amount of solution made is 110 kg/100 kg beets and contains 
13-1646 sugar. Various kinds of barks and seeds also are extracted 
in this kind of equipment. Further details of the equipment 


TABLE 14,5. Formulas for Sizing an ВОС 
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1. Stator opening diameter, S — 0.7D, where D is vessel diameter 9. Effective height of a transfer unit, 
2. Rotor diameter, Я = 0.6D 
3. Height to diameter ratio of a compartment: (HTU) я = (НТУ) ос piant + HDU 
D (т) 9.5-1.0 1.0-1.5 1.5-2.5 2.5 
нур 0.15 0.12 0.1 0.08—0.1 in terms of a value obtained т a pilot plant and a calculated height 
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Power input, Figure 14.20(a) 


. Fractional holdup at flooding, h, from Figure 14.20(b) 
. Slip velocity М, preferably is obtained experimentally, but is given 


approximately by Figure 14.20(c) 


. Superficial velocity of the continuous phase at flooding, 


V, ехр(- hp) 


М“, AI — ВИ? 





where М; and V, are the superficial velocities of the continuous and 
dispersed phases 


. Holdup В at an operating velocity Vc, say 70-80% of flooding, 


V exp(- 5h) 


А АЕ 


solve by trial for h when other quantities are specified 


(W.C.G. Kosters, Shell Oil Co.). 












































10. 
11. 


12. 


13. 


of a diffusion unit (HDU) 
Height of a diffusion unit, HDU = Н(1/Рес + 1/Pej) 
Factors Ес and E, for evaluating the Peclet numbers, 


Ес = 0.5V,H + 0.012RNH(S/D)* 
Ep = Ec[4.2(100)( V5 /h ?/ D^]; 


when the correction in brackets is less than unity, make Ep. = Ес 
The Peclet numbers аге 


1/Рес = Ей E h)/HVe, 
1/Рер = Е,Һ/НУ, 


Final expression for height of a diffusion unit is 


HDU = £,(1— hl Vc + ЕА 
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Figure 14.18. Holdup at flooding, power input, and slip velocity in ап ВОС (Kosters, т Lo, Baird, and Hanson, 1983). (а) Fractional holdup 
at flooding, hp as a function of flow ratio of the phases. (b) Power input to one rotor as a function of rotation speed N and radius К. (c) Slip 
velocity versus power input group for density difference of 0.15 g/mL, at the indicated surface tensions (dyn/cm). 
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TABLE 14.6. Performance of Centrifugal Extractors 








SPECIFICATIONS? 
Motor Motor 

Extractor Model Volume, m? Capacity, m3/hr rpm Mounting Power,kW Diameter, m 
Podbielniak E48 0.925 113.5 1,600 Side 24 1.2 
Quadronic Hiatchi 4848 0.9 72 1,500 Side 55 1.2 
a-Laval ABE 216 0.07 21 6,000 Тор 30 
UPV 6 1,400 Bottom 14 
Luwesta EG 10006 5 4,500 Bottom 
Robatel SGN LX6 70NL 0.072 3.5 1,600  Top,side 13 
Robatel BXP BXP 800 0.220 50 1,000 Тор 15 0.8 
Westfalia TA 15007 0.028 30 3,500 Тор 63 0.7 
SRL/ANL 0.003 0.05 3,500 Top 0.1 
MEAB SMCS-10 0.00012 0.3 22,000 Bottom 





“Operating pressures are in the range 300-1750 kPa; operating temperatures cover a very wide range; operating flow 
ratios cover the range 71-16 easily. 











PERFORMANCE 
Operating Variables Number of 
Theoretical 
Extractor System рт R*Q4/Q; 0, т Flooding, % Stages 
Podbielniak 
B-10 Kerosene-NBA?-water 3000 0.5 5.1 73 6-6.5 
0-18 Kerosene-NBA -water 2000 0.5 11.1 58 5-5.5 
А-1 Oil-aromatics-phenol? 5000 3.5 0.01-0.02 33-66 5-7.7 
9000 Broth-penicillin В- 2900 44 7.5 1.8 
pentacetate 
2900 3.4 7.5 2.04 
2900 2.4 7.5 2.21 
9500 Some system 2900 3.5 7.5 2.04 
2100 3.5 7.5 2.19 
2500 3.5 7.5 2.30 
2300 3.5 7.5 2.36 
Oil-aromatics-furfural 2000 4.0 12.0 90 3-6 
А-1 IAAC-boric acid-water 5000 1-03 0.01-0.03 44-95 3.5-7.7 
3000 1.0 0.01 44 2.3 
4075 1.0 0.01 44 2.8 
4600 1.0 0.01 44 2.96 
ОРУ Oil-aromatics-phenol? 1400 04-12 6 75 2-5.8 
Robatel SGN 
LX-168N Uranyl nitrate~30% TBP 1500 1-0.2 2.1-4.5 7 
LX-324 Some system 3100 1.6 24-63 3.4-3.9 
SRL single stage Uranyl nitrate- 1790 0.5-1.5 64-12 33-96 0.92-0.99 
Ultrasene 
ANL single stage Отапуі nitrate- 3500 0.3-4 0.8-1.6 50 0.97-1 
TBP/dodacane 





2Normal butyl amine. 
bContaining 1.7-5% water. 
“Isoamy! alcohol. 
Number of theoretical and actual stages. 


(М. Hafez, in Lo et al., 1983, рр. 459—474). 
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Figure 14.19. Continuous leaching equipment. (a) A battery of thickeners of the type shown, for example, in Figure 13.9(a), used in 
countercurrent Jeaching. The slurry is pumped between stages counter to the liquid flow: (A) mixing line for slurry and solution; (B) 
scraper arms; (C) = slurry pumps. (b) A bucket elevator with perforated buckets used for continuous extraction, named the Bollmann or 
Hansa-Muehle system [Goss, J. Am. Oil Chem. Soc. 23, 348 (1946)]. (c) A countercurrent leaching system in which the solid transport is 
with screw conveyors; a similar system is named Hildebrandt. (d) The Bonotto multi-tray tower extractor. The trays rotate while the solid is 
scraped and discharged from tray to tray. The solid transport action is similar to that of the rotary tray dryer of Figure 9.8(a) [Goss, J. Am. 
Oil Chem. Soc. 23, 348 (1946)]. (e) Rotocel extractor, which consists of about 18 wedge-shaped cells in a rotating shell. Fresh solvent is 
charged to the last cell and the drained solutions are pumped countercurrently to each cell in series (Blaw-Knox Co.). 
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Solids 
feed 





Miscella 


Extracted 
solids 
discharge 


(d) 
Figure 14.19—(continued) 


arrangement are given by Badger and McCabe (Elements of 
Chemical Engineering, McGraw-Hill, New York, 1936). 

Continuous transport of the solids against the solution is 
employed in several kinds of equipment, including screw, 
perforated belt, and bucket conveyors. One operation carries a bed 
of seeds 3—4 ft thick on a perforated belt that moves only a few feet 
per minute. Fresh solvent is applied 1/5 to 1/3 of the distance from 
the discharge, percolates downward, is collected in pans, and is 
redistributed by pumps countercurrently to the travel of the 
material. 

The vertical bucket elevator extractor of Figure 14.19(b) stands 
40—60 ft high and can handle as much as 50tons/hr with 1-2 HP. 


TABLE 14.7. Performance of Settling Tanks 


Solids 
loading _ 






„Solids 
^ discharge 
/ stotion _ Solvent 


7 Solids 


Solvent discharge 


discharge 


The buckets have perforated bottoms. As they start to descend, 
they are filled with fresh flaked material and sprayed with dilute 
intermediate extract. The solution percolates downward from 
bucket to bucket. As the travel turns upward, the buckets are 
subjected to countercurrent extraction with solution from fresh 
solvent that is charged about 1/3 the distance from the top. There is 
sufficient travel time for drainage before discharge of the spent 
flakes. 

Countercurrent action is obtained in the Bonotto extractor of 
Figure 14.19(d). It bas a number of trays arranged in vertical line 
and provided with scrapers to discharge solids through staggered 
openings in the trays. The principle of this mode of solid transport 





No. d Slurry Mesh 

4 6X 5 Paint pigment 300 

3 16 X 8 Iron oxide 300 
1 20X 8 Zine, copper, lead 99.5% 

ore — 200 

2 25 X 10 Calcium carbonate 200 
1 40 X 10 Flotation tailings 65% 

—200 


140Х19 Flotation mill con- 


centrates 


Rate of 
eed in 
(tons/day) Feed flow(*;) 


Solids Solids in 
nder- 
Remarks 


Solubles washed out 
C.C.D. washing 


39 5.7% 33 
162 10 33 
400 20 40 


450 10 88 Feed is 14? Bé caustic 


each liquor 


800 20 55 "To recover the water 


1050 25 56 





(Hardinge Co.). 
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Figure 14.20. Single tank and battery of tanks as equipment for batch leaching. (a) A single tank extractor of the type used for recovering the 
oil from seeds. (b) Principle of the leaching battery. Cells are charged with solid and solvent is pumped through heaters and cells in series. Іп 
the figure, cell 1 has been exhausted and is being taken off stream and cell 3 has just been charged. (Badger and McCabe, Elements of 


Chemical Engineering, McGraw-Hill, New York, 1936). 


is similar to that of Figure 9.8(b). Solvent is charged at the bottom 
of the tower and leaves at the top, and the spent solid is removed 
with a screw conveyor. 

Few performance data of leaching equipment have found their 
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ADSORPTION AND ION EXCHANGE 


eparation of the components of a fluid can be 
effected by contacting them with a solid that has a 
preferential attraction for some of them. Such 
processes are quantitatively significant when the 
specific surfaces of the solids are measured in hundreds of 
m/g. Suitable materials are masses of numerous fine pores 
that were generated by expulsion of volatile substances. The 
most important adsorbents are activated carbon, prepared by 
partial volatilization or combustion of a carbonaceous body, 
and activated alumina, silica gel, and molecular sieves which 
are all formed by expulsion of water vapor from a solid. The 
starting material for silica gel is a coagulated silicic acid and 
that for molecular sieves is hydrated aluminum silicate 
crystals that end up as porous crystal structures. Porous 
glasses made by leaching with alkai have some application in 
chromatography. Physical properties of common adsorbents 
are listed in Tables 15.1 and 15.2. Representative 
manufacturing processes are represented on Figure 15.1. 
The amouni of adsorption is limited by the available 
surface and роге volume, and depends also on the chemical 
natures of the fluid and solid. The rate of adsorption also 
depends on the amount of exposed surface but, in addition, 
on the rate of diffusion to the external surface and through 
the pores of the solid for accessing the internal surface which 
comprises the bulk of the surface. Diffusion rates depend on 
temperature and differences in concentration or partial 
pressures. The smaller the particle size, the greater is the 
- utilization of the internal surface, but also the greater the 
pressure drop for flow of bulk fluid through a mass of the 
particles. 


15.1. ADSORPTION EQUILIBRIA 


The amount of adsorbate that can be held depends on the 
concentration or partial pressure and temperature, on the chemical 
nature of the fluid, and on the nature, specific surface, method of 
preparation, and regeneration history of the solid. For single 
adsorbable components of gases, the relations between amount 
adsorbed and the partial pressure have been classified into the six 
types shown in Figure 15.2. Many common systems conform to 
Type I, for example, some of the curves of Figure 15.3. Adsorption 
data are not highly reproducible because small contents of 
impurities and the history of the adsorbent have strong influences 
on their behavior. 

One of the simplest equations relating amount of adsorption 
and pressure with some range of applicability is that of Freundlich, 


м = аР" (15.1) 
and Из generalization for the effect of temperature 
w — aP" exp(—b/T). (15.2) 


Тһе exponent и usually is less than unity. Both gas and liquid 
adsorption data are fitted by the Freundlich isotherm. Many liquid 
data are fitted thus in a compilation of Landolt-Bórnstein (II/3, 
Numerical Data and Functional Relationships т Science апа 
Technology, Springer, New York, 1956, pp. 525-528), but their gas 
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In ion exchange equipment, cations or anions from the 
fluid deposit in the solid and displace equivalent amounts of 
other ions from the solid. Suitable solids are not necessarily 
porous; the ions are able to diffuse through the solid material. 
A typical exchange is that of H * or OH - ions from the solid 
for some undesirable ions in the solution, such as Ca ** or 
5027. Eventually all of the ions in the solid are replaced, but 
the activity is restored by contacting the exhausted solid with 
a high concentration of the desired ion, for example, a strong 
acid to replace lost hydrogen ions. 

For economic reasons, saturated adsorbents and 
exhausted ion exchangers must be regenerated. Most 
commonly, saturation and regeneration are performed 
alternately and intermittently, but equipment can be devised 
in which these processes are accomplished continuously by 
countercurrent movement of the solid and fluid streams. Only 
a few such operations have proved economically feasible. The 
UOP and Toray processes for liquid adsorption are not true 
continuous processes but are effectively such. 

Desorption is accomplished by elevating the 
temperature, or reducing the pressure, or by washing with a 
suitable reagent. The desorbed material may be recovered as 
valuable product in concentrated form or as a waste in easily 
disposable form. Adsorbent carbons used for water treating 
often must be regenerated by ignition in a furnace. Relatively 
small amounts of adsorbents that are difficult to regenerate 
are simply discarded. 


data are presented in graphical form only (LB IV 4/Ъ, 1972, pp. 
121-187). The effect of temperature also is correlated by a theory of 
Polanyi, whereby all data of a particular system fall on the same 
curve; Figure 15.4 is an example. For isothermal data, a 
combination of the Freundlich and Langmuir equations was 
developed by Yon and Turnock (Chem. Eng. Prog. Symposium 
Series 117, 67, 1971): 


w = КР"/(1 + КР"). (15.3) 


Individuals of multicomponent mixtures compete for the 
limited space on the adsorbent. Equilibrium curves of binary 
mixtures, when plotted as x vs. y diagrams, resemble those of 
vapor-liquid mixtures, either for gases (Fig. 15.5) or liquids (Fig. 
15.6). The shapes of adsorption curves of binary mixtures, Figure 
15.7, are varied; the total adsorptions of the components of the 
pairs of Figure 15.7 would be more nearly constant over the whole 
range of compositions in terms of liquid volume fractions rather 
than the mol fractions shown. 

Higher molecular weight members of homologous series adsorb 
preferentially on some adsorbents. The desorption data of Figure 
15.8 attest to this, the hydrogen coming off first and the pentane 
last. In practical cases it is not always feasible to allow sufficient 
time for complete removal of heavy constituents so that the capacity 
of regenerated adsorbent becomes less than that of fresh, as Figure 
15.9 indicates. Repeated regeneration causes gradual deterioration 


TABLE 15.1. Physical Properties of Adsorbents 


External 
Effective Bulk Void External Specific Reactivation 
Particle Mesh Diameter Density Fraction Surface Heat Temperature 
Form* Size D, ‚№ py, Ши. Е а,, sqft. C,, Btu/lb °F °F Examples 
Activated Carbon.... P 4x6 0.0128 30 0.34 310 0.25 200-1000 Columbia L 
P 6x8 0.0092 30 0.34 446 " e X zn қ 
Р 8x 10 0.0064 30 0.34 645 > MN SE M x 
G 4x 10 0.0110 30 0.40 460 0.25 ё Ж Pittsburgh BPL 
G 6x16 0.0062 30 0.40 720 Ы DES d 
G 4x 10 0.0105 28 0.44 450 ý MN Witco 256 
Silica Gel........... G 3x8 0.0127 45 0.35 230 0.22 250-450 Davison 03 
G 6х 16 0.0062 45 0.35 720 ый NEL Ё ae 
5 4x8 0.0130 50 0.36 300 0.25 300-450 Mobil Sorbead R 
Activated Alumina.. С 4x8 0.0130 52 0.25 380 0.22 350-600 Alcoa Type F 
G BX14 0.0058 52 0.25 480 Ы iios Ё id ы 
с 14x28 0.0027 54 0.25 970 " NE Ө, eire ТЫ 
$ (1/47) 0.0208 52 0.30 200 0.22 350-1000 Alcoa Туре H 
S (1/8) 0.0104 54 0.30 400 " NA. NEN 
Molecular Sieves... 6 14x28 0.0027 30 0.25 970 0.23 300-600 Davison, Linde 
P (1/16*) 0.0060 45 0.34 650 A Ws SM Ji 
P (1/87) 0.0104 45 0.34 400 ” шамы " 
S 4x8 0.0109 45 0.37 347 E HN " 
S 8х 12 0.0067 45 0.37 565 id MEN 09 
* P = pellets; G = granules; $ = spheroids 
(Fair, 1969). 
TABLE 15.2. Data of Molecular Sieves 
(a) Structures and Applications 
Effective 
Channel 
Cationic Formula of Typical Diameter 
Framework Form Unit Cell Window (А) Application 
Na Na,4/((A105),4(Si0,),;] 8-ring 3.8 Desiccant. CO, removal 
(obstructed) from natural gas 
Ca Ca;Naj[( AIO) 4(SiIO;),;] 8-ring 4.4 Linear paraffin 
A (free) separation. Air 
separation 
K Kj4((A105),;(Si0O;),;] 8-ring 2.9 Drying of cracked gas 
(obstructed) containing C,H,, etc. 
Na Nage{(AlO 3) g6(Si02) в] 12-ring 8.4 Pressure swing H, purification 
Ca CaggNag{(AlO3)s6(SiO2) ов] 12-ring 8.0 Removal of mercaptans from 
x natural gas 
Sr. Ba? Sr; Ва, (АІЮО,), (510), є] 12-ring 8.0 Xylene separation 
Y | Ма М№а,КА1ІО,),(510›) з] 12-ring 8.0 Xylene separation 
K K;d( AIO5)5 (SiO); c] 12-ring 8.0 Xylene separation 
Mordenite | Ag A&gid[( AO «SiO 4o] 12-ring 7.0 I and Kr removal ош 
H Н, [КА1О,),(510,) о] nuclear off-gases ??-?9 
Silicalite — (510, )ов 10-ring 6.0 Removal of organics 
from water 
ZSM-5 Na Na4[(A105)4(SiO5)s,] 10-ring 6.0 Xylene separation?!) 


а Also K-BaX. 
(Ruthven, 1984). 
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TABLE 15.2—(continued) 
(b) Typical Properties of Union Carbide Type X Molecular Sieves 




















Nominal pore Bulk Heat of Equilibrium 
Basic diameter, density, adsorption (max), H,O capacity, Molecules Molecules 
type angstroms Available form _Ib/ft® Btu/lb Н.О % wt adsorbed excluded Applications 
3A 3 Powder 30 1800 23 Molecules with an Molecules with Тһе preferred molecular sieve 
Mein pellets 44 20 effective diameter ап effective adsorbent for the commerical 
%-іп pellets 44 20 < 3À,including diameter > ЗА, dehydration of unsaturated 
ЊО and NH; e.g., ethane hydrocarbon streams such as 
cracked gas, propylene, 
butadiene, and acetylene. It is 
also used for drying polar liquids 
such as methanol and ethanol. 
4A 4 Powder 30 1800 28.5 Molecules with an Molecules with The preferred molecular sieve 
ein pellets 45 92 effective diameter ап effective adsorbent for static dehydration in 
15-in pellets 45 22 < 4 À, including — diameter» 4 А, а closed gas or liquid system. It is 
8 x 12 beads 45 92 ethanol, Н,5, СО), e.g., propane used as a static desiccant in 
4 X 8 beads 45 92 $0, C;H,, C;H,, household refrigeration systems; 
14 x 30 mesh 44 22 and СН, in packaging of drugs, electronic 
components and perishable 
chemicals; and as a water 
scavenger in paint and plastic 
systems. Also used commercially 
in drying saturated hydrocarbon 
streams. 
5A 5 Powder 30 1800 28 Molecules with an Molecules with Separates normal paraffins from 
the-in pellets 43 21.5 effective diameter ап effective branched-chain and cyclic 
!&-in pellets 43 21.5 < 5 Å, including n- diameter» 5 А, ^ hydrocarbons through a selective 
C,H,OH,} n- e.g., iso adsorption process. 
C.H, СН» to compounds and 
СН, R-12 all 4-carbon rings 
10X 8 Powder 30 1800 36 Iso paraffins and Di-n-butylamine Aromatic hydrocarbon separation. 
thein pellets 36 28 olefins, CsHe, and larger 
!&-in pellets 36 28 molecules with an 
effective diameter 
«8 
13X 10 Powder 30 1800 36 Molecules with an Molecules with Used commercially for general 
%в-іп pellets 38 28.5 effective diameter an effective gas drying, air plant feed 
\-т pellets 38 28.5 <10A diameter > 10 A, purification (simultaneous 
8х 12 beads 42 28.5 e.g., (Ca Fo) N removal of H,O and СО»), and 
4 х 8 beads 42 28.5 liquid hydrocarbon and natural 
14 x 30 mesh 38 28.5 gas sweetening (H;S and 


mercaptan removal). 





(Kovach, 1978). 


of adsorbent; Figure 15.10 reports this for a molecular sieve 
operation. 
Representation and generalization of adsorption equilibria of 


that necessarily develop. These are of the same order of magnitude 
as heats of condensation. Some data are in Figure 15.4 


binary and higher mixtures by equation is desirable, but less 
progress has been made for such systems than for vapor-liquid or 
liquid-liquid equilibria. The Yon and Turnock equations (1971) 
applied to components 1 and 2 of binary mixtures are 


Wif Wi, sat T k PT0, (15.4) 
Wal Wz sat = к.Р320, (15.5) 
Ө=1/(%+ k P” + КР). (15.6) 


They have been found useful as an empirical correlation 
method for adsorption on molecular sieves [Maurer, Am. Chem. 
Soc. Symp. Ser. 135, 73 (1980)]. Other attempts at prediction or 
correlation of multicomponent adsorption data are reviewed by 
Ruthven (1984). In general, however, multicomponent equilibria 
are not well correlatable in general form so that design of 
equipment is best based on direct laboratory data with the exact 
mixture and the exact adsorbent at anticipated pressure and 
temperature. 

Adsorption processes are sensitive to temperature, as the data 
of Figures 15.3, 15.5, and 15.11 show. Thus practical adsorption 
processes are complicated by the substantial heats of adsorption 


15.2. ION EXCHANGE EQUILIBRIA 


Ton exchange is a chemical process that can be represented by a 
stoichiometric equation, for example, when ion A in solution 
replaces ion B in the solid phase, 


A (solution) + B (solid) = A (solid) + B (solution) 
or 
A+B/A+B, 


(15.7) 
(15.8) 


where the overstrike designates a component in the solid phase. 
The equilibrium constant is called the selectivity, designated by 





Кав» 
Kap = САСь/САСв (15.9) 
-хАХҺ/ХАХВ (15.10) 
ХА ХА 
"les ee аза) 


The last equation relates the mol fractions of the ion originally іп 
the solution at equilibrium in the liquid (x4) and solid (хд) phases. 
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Figure 15.1. Processes for making adsorbents. (a) Flowsketch of a process for making molecular sieve adsorbents. (b) Process for 
reactivation of bone char. (c) Silica gel by the BASF process. Тһе gel is formed and solidifies in air from sodium silicate and 
sulfuric acid, then is washed free of sodium sulfate with water (Ullmann, Encyclopedia of Chemical Technology, Verlag Chemie, 
Weinheim, Germany). 
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Amount adsorbed 





Pressure 


Figure 15.2. Types of adsorption isotherms: (I) monomolecular 
layer; (II and IIT) multimolecular layers; (IV and V) multimolecular 
layers and condensation in pores; (УІ) phase transition of a 
monomolecular layer on the surface (after Brunauer, Physical 
Adsorption, Princeton Univ. Press, 1945). 


The residual mol fraction in the liquid phase corresponding to a 
given mol fraction or degree of saturation in the solid phase is 


1 
"^ 14 Kap xaxa. 





(15.12) 


Approximate values of the selectivity of various ions are shown in 
Table 15.3; for a particular pair, К дь is the ratio of tabulated values 
for each. 

When the exchanged ion D is divalent, the reaction is 


D+2B=D+2B, (15.13) 














g Ethanol / 100 g Adsorbent 











0 кере 
10 20 50 100 200 500 
Pressure, Torr 


Figure 15.3. Effects of temperature, pressure, and kind of adsorbent 
on the amount of ethane adsorbed: (1) activated carbon at 25°С; (2) 
type 4A molecular sieve (MS) at 0°C; (3) type 5A MS at 25°C; (4) 
type 4A MS at 25°C; (5) type 4A MS at 75°С; (6) silica gel at 25°С; 
(7) type 4A MS at 150°С. (Data from Union Carbide Corp.) 
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Volume adsorbed (cm3/g) 
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Figure 15.4. Polanyi characteristic curve for effect of temperature 
on adsorption of n-butane on silica gel [Al-Sahhat et al., Ind. Eng. 
Chem. Process. Des. Dev. 20, 658 (1981)]. 


and the equilibrium constant or selectivity is given by 


(С/С)Крв uz хахы/хЕхт 
-(хы/хыЛа-хы)/(1- хӘР, 


(15.14) 
(15.15) 


where С and С are the total concentrations of the two kinds of ions 
in the solution and in the solid, respectively. 
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Figure 15.5. Adsorption of binary mixtures: (1) ethane + ethylene. 
Type АА MS 25°С, 250 Torr; (2) ethane + ethylene. Type 4A MS, 
25°С, 730 Torr; (3) ethane + ethylene. Type 4A MS, 75°С, 
730 Torr; (4) carbon dioxide + hydrogen sulfide. Type 5A MS, 
27°С, 760 Torr; (5) n-pentane + n-hexane, type 5A MS, 100°С, 
760 Torr; (6) ethane + ethylene, silica gel, 25°С, 760 Torr; (7) 
ethane + ethylene, Columbia G carbon, 25°C, 760 Torr (8) 
acetylene + ethylene. Type 4A MS, 31°С, 740 Torr. (Daia from 
Union Carbide Corp.) 
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Figure 15.6. Binary liquid adsorption equilibria on Х-У diagrams: 
(1) toluene + iso-octane on silica gel (Eagle and Scott, 1950); (2) 
toluene + iso-octane on charcoal (Eagle and Scott, 1950); (3) 
ethylene dichloride + benzene on boehmite (Kipling); (4) ethylene 
dichloride + benzene on charcoal (Kipling). (Kipling in Proceedings 
of the Second International Congress of Surface Activity. (1957), 
Vol. Ш, р. 462.) 
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Figure 15.7. Adsorption of liquid mixtures on charcoal. Chloro- 
form + acetone and benzene + ethanol. The ordinate gives the 
amount of each individual substance that is adsorbed, the 
abscissa the mol fraction of chloroform (mixed with acetone) or 
the mol fraction of benzene (mixed with ethanol). (Data 
gathered by Kipling. Adsorption from Solutions of Non- 
Electrolytes, 1965). 
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Figure 15.8. Variation of isosteric heat of adsorption with coverage 
showing the difference in trends between polar and nonpolar 
sorbates. nC4H,4— 5A (data of Schirmer et al); CF,-NaX, 
SF,-NaX (data of Barrer and Reucroft); CO;-NaX, (data of 
Huang and Zwiebel), NH4-5A (data of Schirmer et al.); F5, O-LiX, 
Мах, and CsX, (data of Avgul et al.). [Ruthven, Sep Purification 
Methods 5(2), 189 (1976)]. 


Example 15.1 is concerned with such an exchange and 
regeneration process. 


15.3. ADSORPTION BEHAVIOR IN PACKED BEDS 


Adsorption is performed most commonly in fixed vertical beds of 
porous granular adsorbents. Flow of adsorbing fluid usually is down 
through the bed, that of regenerant usually is upward. Moving and 
fluidized beds have only a limited application in the field. 

If the time is sufficient, the adsorbent nearer the inlet of the 
fluid becomes saturated at the prevailing inlet fluid concentration 
but a concentration gradient develops beyond the saturation zone. 
Figure 5.12 depicts this behavior. The region of falling concen- 
tration is called the mass transfer zone (MTZ). The gradient is 
called the adsorption wave front and is usually S-shaped. When 
its leading edge reaches the exit, breakthrough is said to have been 
attained. Practically, the breakthrough is not regarded as 
necessarily at zero concentration but at some low value such as 1% 
or 5% of the inlet that is acceptable in the effluent. A hypothetical 
position, to the left of which in Figure 15.12(b) the average 
adsorbate content equals the saturation value, is called the 
stoichiometric front. The distance between this position and the exit 
of the bed is called the length of unused bed (LUB). The 
exhaustion time is attained when the effluent concentration becomes 
the same as that of the inlet, or some practical high percentage of it, 
such as 95 or 9996. 

The shape of the adsorption front, the width of the MTZ, and 
the profile of the effluent concentration depend on the nature of the 
adsorption isotherm and the rate of mass transfer. Practical bed 
depths may be expressed as multiples of MTZ, values of 5-10 
multiples being economically feasible. Systems that have linear 
adsorption isotherms develop constant MTZs whereas MTZs of 
convex ones (such as Type I of Figure 15.1) become narrower, and 
those of concave systems become wider as they progress through 
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Figure 15.9. Concentrations in adsorption beds as a function of position and of effluent as a function of time. (a) 
Progress of a stable mass transfer front through an adsorption bed and of the effluent concentration (Lukchis, 
1973). (b) The mass transfer zone (MTZ), the length of unused bed (LUB), stoichiometric front, and profile of 


effluent concentration after breakthrough. 


the bed. The last types are called unfavorable isotherms; 
separations іп such cases usually are accomplished more 
economically by some other kind of process. The narrower the 
MTZ, the greater the degree of utilization of the bed. 

The rate of mass transfer from fluid to solid in a bed of porous 
granular adsorbent is made up of several factors in series: 


X. Diffusion to the external surface. 
2. Deposition on the surface. 

3. Diffusion in the pores. 

4. Diffusion along the surface. 


Various combination of shapes of isotherms and mass transfer 
factors have been taken into account by solutions of the problem in 
the literature. One of the simpler cases was adopted by Hougen and 
Marshall (1947, see Figure 15.13), who took a linear isotherm and 
diffusion to the external surface as controlling the rate. They 
developed the solution in analytical form, of which several 
approximations that are easier to use are mentioned for instance by 
Vermeulen et al. (1984, p. 16.28). A graphical form of the solution 
appears in Figure 15.13. This shows the effluent concentration ratio, 


С/Со, in terms of a time parameter т, at a number of values of a 
parameter Z', which involves the bed length Z. In Example 15.2, 
this chart is used to find the concentration profile of the effluent, the 
break and exhaustion times, and the % utilization of the adsor- 
bent bed. In this case, the model affords a fair comparison with 
experimental data. 

Many investigations have been conducted of the mass transfer 
coefficient at the external surfaces of particles and of other 
diffusional mechanisms. Some of the correlations are discussed in 
Chapters 13 and 17. A model developed by Rosen [Ind. Eng. 
Chem. 46, 1590 (1954)] takes into account both external film and 
pore diffusional resistance to mass transfer together with a linear 
isotherm. A numerical example is worked out by Hines and 
Maddox (1985, p. 485). 

In the model developed by Thomas [J. Ат. Chem. Soc. 66, 
1664 (1944)], the controlling mechanism is the surface kinetics 
represented by the Langmuir isotherm. Extensions of this work by 
Vermeulen et al. (1984) incorporate external surface and pore 
diffusional resistances. 

No comprehensive comparisons of the several models with each 
other and with experimental data appear to have been published. 
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Figure 15.10. Incompiete regeneration of adsorbent bed by a 
thermal-swing cycle. 
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Figure 15.11. Effect of temperature on molecular sieve type 5A, 
silica gel and activated alumina at water vapor pressure, 13.3 kPa 
(100 mm Hg). A, molecular sieve type 5A; B, silica-type adsorbent; 
C, alumina-type adsorbent. (Chi and Cummings, 1978). 


TABLE 15.3. Gas Phase Adsorption Cycles, Steam 
Requirements, and Operating Parameters 


(a) Typical Cycle Times in Hours for Adsorber Operation 


High Pressure Organic Solvent 


Gas Dryer Recovery Unit 

A B A B 

Опвігеат................ . 24 24 2.00 1.00 
Depressure/purge......... 2 1. uS 
Hot рав.................... 10 13 бабы” eaa 
Steam... err 0.75 0.67 
Hot вав.................... O33 ..... 
Cold жаз.) cierres 5 8 0.42 0.33 
Pressure/standby......... 7 2 0:50: s 
24 24 2.00 1.00 

(Fair, 1969). 


(b) Steam/Solvent Ratios and Amount of, Adsorbate for a 
Coconut-Shell Carbon 6-12 Mesh, 1200 m?/g 
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(Kovach, 1979). 


(c) Typical Operating Parameters for Gas Phase Adsorption 


Range Design 
Superficial gas velocity 20 to 50 cm/s 40 cm/s 
(40 to 100 ft/min) (80 ft/min) 
Adsorbent bed depth 3 to 10 MTZ 5 MTZ 
Adsorption time 0.5 to 8h 4h 
Temperature —200 to 50°C 
Inlet concentration 
Adsorption base 100 to 5000 vppm 
LEL base 40% 
Adsorbent particle size 0.5 to 10 mm 4 to 8 mm 
Working charge 5 to 20% wt 10% 
Steam solvent ratio 2:1 to 8:1 41 
Adsorbent void volume 38 to 5096 4596 
Steam regeneration temperature 105 to 110°C 
Inert gas regenerant termperature 100 to 300°С 
Regeneration time 1 adsorption time | 
Number of adsorbers 1to6 2to3 





(Kovach, 1979). 
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EXAMPLE 15.1 
Application of fon Exchange Selectivity Data 
The 507 ion of an aqueous solution containing С = 0.018 eq/L is to 


be replaced with Cl” ion from a resin with C=1.2eq/L. The 
reaction is 


504 (solution) + 2СГ (resin) = SO; (resin) + 2CI (solution), 
D+2B2D+2B. 


From Table 15.3, the selectivity ratio Kpg = 0.15/1.0 = 0.15, and 
КовС/С = 0.15(1.2)/0.018 = 10. 

Then Eq. (15.15) becomes 
xp/ (1 — xo^ = 10хь/(1 — xp). 

For several values of mol fraction хр of SOJ in solution, the 


corresponding mol fractions x5 in the resin are calculated and 
tabulated: 





Xsoz 
Іп Solution In Resin 
1 1 
0.1 0.418 
0.05 0.284 
0.01 0.0853 


For regeneration of the resin, a 12% solution of NaCl will be used; 


its ion concentration is 2.23eq/L. Other values for the system 
remain at C = 1.2 eq/L and Kpg = 0.15. Accordingly, 


Къв C/C = 0.15(1.2)/2.23 = 0.0807 
and Eq. (15.15) becomes 

xpg/(1 — х5)? = 0.0807х/(1 — xp)’. 
The values of хоз in the liquid phase will be calculated for several 
values in the resin. Those results will be used to find the minimum 


amount of regenerant solution needed for each degree of 
regeneration 


Xsoz 


Lregenerant/ 
In Resin In Solution L resin 
0.1 0.455 1.06 
0.05 0.319 1.60 
0.01 0.102 5.22 


Sample calculation for the last entry of the table: Тһе 
equivalents of 504 transferred from the resin to the solution are 


0.99(1.2) = 1.188 eq/L. 
The minimum amount of solution needed for this regeneration is 


1.188 


—— M = 5.22 L soluti iter. 
0102.23) 5 solution/Liter 
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Figure 15.12. Multicomponent mixtures, adsorption, and desorption. (a) Concentrations of the components of a ternary 
mixture in continuous adsorption, as in a moving bed unit (Kovach, 1979). (b) Composition of a desorbed stream consisting 


of several components as a function of time. 
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Figure 15.13. Dependence of the concentration ratio, C/C, of the 
effluent from an adsorber on parameters of bed length and time; for 
the case of a linear isotherm, zero initial adsorbate content and 
constant inlet composition Су 


Z' = (Kya/tuj))Z, bed length parameter, 
т= (Ка/Кррь)(# – Z/u;), time parameter, 
Кь=а/С, coefficient of linear adsorption isotherm, 
и; = interstitial velocity in the bed, 
є = voidage of the bed, 
Z — length of the bed, 
Қуа = mass transfer coefficient, (12 fluid)/(L? bed)(time). 


(Hougen and Watson, Chemical Process Principles, Wiley, New 
York, 1947, p. 1086; Hougen and Marshall, Chem. Eng. Prog. 43, 
197 (1947); Vermeulen et al., Chemical Engineers’ Handbook, 
McGraw-Hill, New York, 1984, p. 16.29.) 


Moreover, they are all based on isothermal behavior and 
approximations of adsorption isotherms and have not been applied 
to multicomponent mixtures. The greatest value of these calculation 
methods may lie in the prediction of effects of changes in basic data 
such as flow rates and slopes of adsorption isotherms after 
experimental data have been measured of breakthroughs and 
effluent concentration profiles. In a multicomponent system, each 
substance has a different breakthrough which is affected by the 
presence of the other substances. Experimental curves such as those 
of Figure 15.14 must be the basis for sizing an adsorber. 

Since taking samples of adsorbent from various positions in the 
bed for analysis is difficult, it is usual to deduce the shape of the 
adsorption front and the width of the MTZ from the effluent 
concentration profile which may be monitored with a continuous 
analyzer-recorder or by sampling. The overall width of the MTZ, 
for instance, is given in terms of the exhaustion and breakthrough 
times and the superficial velocity as 


width = u,(t, — t,)/€. 


REGENERATION 


Adsorbents are restored to essentially their original condition for 
reuse by desorption. Many hundreds of cycles usually are feasible, 
but eventually some degradation occurs, as in Figure 15.15 for 
instance, and the adsorbent must be discarded. 


The most common method of regeneration is by purging the 
bed with a hot gas. Operating temperatures are characteristic of the 
adsorbent; suitable values at atmospheric pressure are shown in 
Table 15.1. The exit temperature of the gas usually is about 50°F 
higher than that of the end of the bed. Typical cycle times for 
adsorption and regeneration and steam/adsorbent ratios are given 
in Table 15.4. Effluent composition traces of a multicomponent 
system are in Figure 15.9. Complete removal of adsorbate is not 
always economically feasible, as suggested by Table 15.4(b). The 
effect of incomplete removal on capacity is shown schematically by 
Figure 15.10. Sufficient heat must be supplied to warm up the 
adsorbent and the vessel, to provide heat of desorption and 
enthalpy absorption of the adsorbate, and to provide for heat losses 
to the surroundings. Table 15.4(c) suggests that regeneration times 
be about one-half the adsorption times. For large vessels, it may be 
worthwhile to make the unsteady heating calculation by the general 
methods applicable to regenerators, as presented, for instance, by 
Hausen (Heat Transfer in Counterflow, Parallel Flow and Cross- 
flow, McGraw-Hill, New York, 1983). 

Purging of the adsorbate with an inert gas at much reduced 
pressure is feasible in high pressure adsorption plants. The 
adsorption of Example 15.2, for instance, is conducted at 55 atm, so 
that regeneration could be accomplished at a pressure of only a few 
atmospheres without heating. If the adsorbate is valuable, some 
provision must be made for recovering it from the desorbing gas. 

Ignition of adsorbents in external furnaces is practiced to 
remove some high molecular weight materials that are difficult to 
volatilize. This is done, for example, for reactivation of carbon from 
water treating for trace removal of impurities such as phenol. 
Caustic solution can convert the phenol into soluble sodium phenate 
in readily disposable concentrated form as an alternate process for 
regeneration. 

Displacement of the adsorbate with another substance that is in 
turn displaced in process is practiced, for instance, in liquid phase 
recovery of paraxylene from other Сұ aromatics. In the Sorbex 
process, suitable desorbents are toluene and paradiethylbenzene. 
This process is described later. 


15.4. ADSORPTION DESIGN AND OPERATING PRACTICES 


When continuous operation is necessary, at least two adsorbers are 
employed, one on adsorption and the other alternately on 
regeneration and cooling. In cases where breakthrough is especially 
harmful, three vessels are used, one being regenerated, the other 
two onstream with the more recently regenerated vessel down- 
stream, as in Figure 15.16. 

Beds usually are vertical; adsorbers 45 ft high and 8—10 ft dia 
are in use. When pressure drop must be minimized, as in the 
recovery of solvents from atmospheric air, horizontal vessels with 
shallow beds are in common use. Process gas flow most often is 
downward and regenerant gas flow is upward to take advantage of 
counterflow effects. Upflow rates are at most about one-half the 
fluidizing velocity of the particles. Vertical and horizontal types are 
represented on Figure 15.17. 

A major feature of adsorber design is the support for the 
granular adsorbent, preferably one with a low pressure drop. The 
combination of Figure 15.18(a) of grid, screens, and support beams 
is inexpensive to fabricate and maintain, has a low heat capacity and 
a low pressure drop. The construction of Figure 15.18(b) is suited to 
adsorbers that must be dumped frequently. Supports of layers of 
ceramic balls or gravel or anthracite, resting on the bottom of the 
vessel, are suited to large vessels and when corrosion-resistant 
construction is required. Typical arrangements are shown in Figures 
17.26 and 17.27. The successive layers increase in diameter by 
factors of 2-4 up to lin. or so. Holddown balls also may be 
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EXAMPLE 15.2 

Adsorption of n-Hexane from a Natural Gas with Silica Gel 
Hexane is to be recovered from a natural gas with silica gel. 
Molecular weight of the gas is 17.85, the pressure is 55.4atm, 
temperature is 94°F, and the content of n-hexane is 0.853 mol % or 
0.0982 Ib/cuft. The bed is 43 іп. deep and the superficial velocity is 
11.4 ft/min. Other data are shown with the sketch: 


0.0982 Ib/cuft 





11.4 fUmin 


3.58 ft 











Z —3.58ft, bed depth, 
u,=11.4 ft/min, superficial velocity, 
Р = 0.018, particle diameter, 
а = 284 sqft/cuft, 
рь=5216/сай, bed density, 
€ — 0.35 bed voidage. 


packing external surface, 


From these and physical property data, the Schmidt and Reynolds 
numbers are caiculated as 


Sc= 1.87, Ве = 644. 


The equation of Dwivedi апа Upadhyay, Eq. (13.148), is 
applicable: 


0.765 
Re9 8? 





kig añ 
Ј = #$с°® = ( 
u = 


5 


0.365 
Рес-386 , 
"TEST 

8 0,35(1.87)22 
К,а = 0.7268(284) = 206.4 сий gas/(cuft solid)(min). 


(0.0038 + 0.0301) = 0.7268 ft/min, 


Saturation content of adsorbate is 0.17 Ib/Ib solid. Accordingly, 
the coefficient of the linear adsorption isotherm is 


0.17 Ib hexane/Ib solid 


“оле” 73 ip hexane/cuft gas 





ka 


Use the Hougen—Marshall chart (Fig. 15.13): 


_keaZ 206.4(3.58) 
и, 11.4 





z’ = 64.82, 


= kp, 3 2 _ 1731(52) " 3.58 
k,a u,/£ 206.4 11.4/0.35 
= 0.436т + 0.11 min. 


t 





Values of т are read off Figure 15.13 and converted into values of t: 


с/с, т t (min) 
0.01 40 17.56 
0.05 45 19.74 
0.1 50 21.92 
0.2 53 23.23 
0.4 60 26.28 
0.6 65 28.46 
0.8 73 31.95 
0.9 79 34.57 
0.95 82 35.87 
0.99 92 40.24 


The total amount adsorbed to the breakpoint, at С/Со- 0.01, per 
зай of bed cross section is 


0.0982(11.4)(17.56) — 19.66 Ib/sqft cross section. 
The saturation amount for the whole bed is 
3.58(0.17)(52) = 31.65 Ib/sqft cross section. 
Accordingly, 
utilization of bed — (19.66/31.65)(100%) — 62.196. 
The calculated concentration profile is compared in the figure with 


experimental data, Run 117, of McLeod and Campbell, Soc. Pet. 
Eng. J., 166 (June 1966): 
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Figure 15.14. Breakthrough curves in the adsorption of a mixture of hydrocarbons with composition n-butane 0.4 mol %, 
n-pentane 25.9, n-hexane 23.9 iso and cyclic hydrocarbons 49.8 mol % (Lee, in Recent Advances in Separation Science, 


CRC Press, Boca Raton, FL, 1972, Vol. П, рр. 75-110). 


provided at the top to prevent disturbance of the top layer of 
adsorbent by incoming high velocity gas or entrainment by 
upflowing gases. When regeneration is by heating, a drawback of 
the ball support arrangement is their substantial heat capacity, 
which slows up the heating rate and subsequent cooling to process 
temperature. 

Representative values and ranges of operating parameters 
are summarized in Table 15.3. Cycle times for some adsorptions 
are adjusted to work shift length, usually multiples of 8 hr, with 
valve adjustments made by hand. When cycle times are short, as 
for solvent recovery, automatic opening and closing of valves is 
necessary. 
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Figure 15.15. Capacity decline with service of a molecular sieve 
(plant data, Davison Sieve 562). Flow, 8150 Ко mol; pressure, 
3600 kPa (36atm); temperature, 15°C; water content, 96 kg/hr; 
minimum cycle time, 24 hr. (Chi and Cummings, 1978). 


Steam rates for regeneration of a particular adsorbent carbon 
are shown in Table 15.3(b). Steam/solvent ratios as high as 8 
sometimes are necessary. 

Data for liquid phase adsorption are typified by water treating 
for removal of small but harmful amounts of impurities. Some 
conditions are stated by Bernardin [Chem. Eng., (18 Oct. 1976)]. 
Water flow rates are 5-10 gpm/sqft. When suspended solids are 
present, the accumulation on the top of the bed is backwashed at 
15-20 gpm/sqft for 10-20 min/day. The adsorbent usually is not 
regenerated in place but is removed and treated in a furnace. 
Accordingly, a continuous operation is desirable, and one is 
simulated by periodic removal of spent adsorbent from the bottom 
of the vessel with a design like that of Figure 15.18(b) and 
replenishing of fresh adsorbent at the top. The pulses of spent and 
fresh carbon are 2-10% of the total bed. Height to diameter ratio in 
such units is about 3. 

A carbon adsorber for handling 100,000gal/day of water 
consists of two vessels in series, each 10 ft dia by 11 ft sidewall and 
containing 20,0001b of activated carbon. Total organic carbon is 
reduced from 650 mg/L to 25 mg/L, and phenol from 130 mg/L to 
less than 0.1 mg/L. 

The capacity of regeneration furnaces is selected so that they 
operate 80-90% of the time. In multiple-hearth furnaces the 
loading is 70-80 Ib/(sqft)(day). In countercurrent direct fired rotary 
kilns, a 6% volumetric loading is used with 45 min at activation 
temperature. 

Details of the design and performance of other liquid phase 
adsorptions such as the Sorbex processes are proprietary. 


15.5. ION EXCHANGE DESIGN AND OPERATING 
PRACTICES 


Ion exchange processes function by replacing undesirable ions of a 
liquid with ions such as H* or ОН” from a solid material in which 
the ions are sufficiently mobile, usually some synthetic resin. 
Eventually the resin becomes exhausted and may be regenerated by 
contact with a small amount of solution with a high content of the 
desired ion. Resins can be tailored to have selective affinities for 


TABLE 15.4. Properties of lon-Exchange Materials 
(a) Physical Properties 

















Moisture Exchange capacity 
content Swelling Maximum 
Shape" (ае), due to operating 
ol by exchange, temperature, t Operating Dry, Wet, 
Material } particles ы; vi t 5 ec pH range equivalent/kg equivalent/L 
Cation exchangers: strongly acidic | 
Polystyrene sulfonate 
Homogeneous (gel) resin 8 
4% cross-linked 0.75-0.85 5.0-5.5 12-16 
6% cross-linked 0.76-0.86 4.8-5.4 13-18 
8-10% cross-linked 0.77-0.87 4.6-5.2 1.4-1.9 
12% cross-linked 0.78-0.88 4.4-4.9 1.5-2.0 
16% cross-linked 0.79-0.89 4.2-4.6 17-21 
20% cross-linked 9.80-0.90 3.9-4.2 1.8-2.0 
Macroporous structure 
10-12% cross-linked 5 0.81 120-150 4.5-5.0 15-19 
Sulfonated phenolic resin G 0.74-0.85 2.0-2.5 0.7-0.9 
Sulfonated coa G 
Cation exchangers: weakly acidic 
Aerylic (pK 5) or шараны (рК 6) 
Homogeneous (gel) resin S 0.70-0.75 83-10 33-40 
Macroporous 5 0.67-0.74 —8.0 2.5-3.5 
Phenolic resin с 0.70-0.80 25 10-1.4 
Polystyrene phosphonate G,S 0.74 6.6 3.0 
Polystyrene aminodiacetate 5 015 2.9 07 
Polystyrene amidoxime 5 —0.75 2.8 0.8-0.9 
Polystyrene thiol 8 —0.75 —5 2.0 
Cellulose 
Phosphonate F —7.0 
Methylene carboxylate Е, Р, С —0.7 
Greensand (Fe silicate) G 15 0.14 0.18 
Zeolite (Al silicate) с 0.85-0.95 1.4 0.75 
Zirconium tungstate G 1.15-1.25 12 10 
Апіоп exchangers: strongly basic 
Polystyrene-l 
Towel benzyl ammonium (type 
Hi 
Homogeneous, 8% CL 5 0.70 3.4-3.8 13-15 
Macroporous, 11% CL 8 0.67 3.4 i 10 
Dimethyl hydroxyethy! ammonium | 
(type П) 
Homogeneous, 8% CL 5 0.71 3.8-4.0 1.2 
Macroporous, 10% СІ. 5 0.67 88 li 
Acrylic-based 
Homogeneous (gel) 5 0.72 —5.0 1.0-1.2 
Macroporous 5 0.67 3.0-3.3 0.8-0.9 
Cellulose-based 
Ethyl trimethyl ammonium F 0.62 
Triethy! hydroxypropyl ammonium 0.57 
Anion exchangers: intermediately basic 
(pK 11) 
Polystyrene-based 8 0.75 4.8 1.8 
Epoxy-polyamine 8 072 6.5 17 
Anion exchangers: weakly basic (pK 9) 
Aminopolystyrene 
Homogeneous (gel) 5 0.67 5.5 18 
Macroporous 5 0.61 4.3 1.2 
Acrylic-based amine 
Homogeneous (gel) 8 0.72 6.5 17 
Macroporous 5 0.72 5.0 Li 
Cellulose-based 
Aminoethyl P 10 
Diethyl aminoethy! Р -08 





"Shapes: С, cylindrical pellets; G, granules; P, powder; S, spheres. 
tWhen two temperatures are shown, the first applies to H form for cation, or OH form for anion, npn the second, to salt ion. 
NOTE: To convert kilograms per liter to pounds per cubic foot, multiply by 6.238 x 101; °F = X9C + 32. 


(Chemical Engineers' Handbook, McGraw-Hill, New York, 1984; a larger table compiete with trade names is in the 5th edition, 1973). 


(b) Selectivity Scale for Cations on 8% Crosslinked Resin 








35 (є) Approximate Selectivity Scale for Anions on Strong-Base Resins 






















Li* 
H* 3.7 
Na* 3.8 с 8 НСОз 0.4 
МНЕ 3.9 NO; 4 CH;COO- 0.2 
Kt 4.0 Вг- 3 F- 0.1 
Rb* 4.1 HSO; 1.6 ОН-(Туре D 0.05--0.07 
Cs* 3.9 МО; 1.3 
Agt 5.2 CN- 13 SOi 0.15 
сор 6.5 Сг 1.0 СОТ 0.03 
Ма 9.9 BrO; HPO}- 0.01 
11.5 OH (Type П) 
(Bonner and Smith, J. Phys. Chem. 61, 1957, p. 326). (Bonner and Smith, J. Phys. Chem. 61, 1957, p. 326). 
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Figure 15.16. A three-vessel drying system for a cracked light 
hydrocarbon stream. Valve operation usually is on automatic timer 
control. Recycled process gas serves as regenerant. 


particular kinds of ions, for instance, mercury, boron, ferrous iron, 
or copper in the presence of iron. Physical properties of some 
commercial ion exchange resins are listed in Table 15.3 together 
with their ion exchange capacities. The most commonly used sizes 
аге —20--50 mesh (0.8-0.3 mm) and -40--80 mesh (0.4- 
0.18 mm). 

Rates of ion exchange processes are affected by diffusional 
resistances of ions into and out of the solid particles as well as 
resistance to external surface diffusion. The particles are not really 
solid since their volume expands by 50% or more by imbibition of 
water. For monovalent exchanges in strongly ionized resins, half 
times with intraparticle diffusion controlling are measured in 
seconds or minutes. For film diffusion, half times range from a few 
minutes with 0.1N solutions up to several hours with 0.001N 
solutions. Film diffusion rates also vary inversely with particle 
diameter. A rough rule is that film diffusion is the controlling 
mechanism when concentrations are below 0.1-1.ОМ, which is the 
situation in many commercial instances. Then the design methods 
can be same as for conventional adsorbers. 

Jon exchange materials have equilibrium exchange capacities of 
about 5meq/g ог 2.27 geq/lb. The percentage of equilibrium 
exchange that can be achieved practically depends on contact time, 
the concentration of the solution, and the selectivity or equilibrium 
constant of the particular system. The latter factor is discussed in 
Section 15.2 with a numerical example. 

Commercial columns range up to 6 m dia and bed heights from 
1 to 6m, most commonly 1-3 m. Freeboard of 50-100% is provided 
to accommodate bed expansion when regenerant flow is upward. 
The liquid must be distributed and withdrawn uniformly over the 
cross section. Perforated spiders like those of Figure 15.19 are 
suitable. The usual support for the bed of resin is a bed of gravel or 
layers of ceramic balls of graded sizes as in Figure 17.27. Balls 
sometimes are placed on top of the bed to aid in distribution or to 
prevent disturbance of the top level. Since the specific volume of 
the material can change 50% or more as a result of water 
absorption and ion-ion exchange, the distributor must be located 
well above the initial charge level of fresh resin. 

Liquid flow rates may range from 1 to 12 gpm/sqft, commonly 
6-8 gpm/sqft. When the concentration of the exchange ion is less 
than 50 meq/L, flow rates are in the range of 15-80 bed volumes 
(BV)/hr. For demineralizing water with low mineral content, rates 
as high as 400 BV/hr are used. Regenerant flow rates are kept low, 
in the range of 0.5-5.0 BV/hr, in order to allow attainment of 
equilibrium with minimum amounts of solution. 


The ranges of possible operating conditions that have been 
stated are very broad, and averages cannot be depended upon. If 
the proposed process is similar to known commercial technology, a 
new design can be made with confidence. Otherwise laboratory 
work must be performed. Experts claim that tests оп columns 
2.5 cm dia and 1 m bed depth can be scaled up safely to commercial 
diameters. The laboratory work preferably is done with the same 
bed depth as in the commercial unit, but since the active exchange 
zone occupies only a small part of a normal column height, the 
exchange capacity will be roughly proportional to the bed height, 
and tests with columns 1 m high can be dependably scaled up. The 
laboratory work will establish process flow rates, regenerant 
quantities and flow rates, rinsing operations, and even deterioration 
of performance with repeated cycles. 

Operating cycles for liquid contacting processes such as ion 
exchange are somewhat more complex than those for gas adsorp- 
tion. They consist of these steps: 


1. Process stream flow for a proper period. 

2. A rinse for recovering possibly valuable occluded process 
solution. 

3. A backwash to remove accumulated foreign solids from the top 
of the bed and possibly to reclassify the particle size distribution. 

4. The flow of regenerant for a proper period. 

5. Rinse to remove occluded regenerant. 


As complex a cyclic process as this may demand cycle times of 
more than a few hours. Very high ion concentrations or high 
volumetric rates may require batteries of vessels and automatic 
switching of the several streams, or continuously operating equip- 
ment. Several continuous ion exchange plants are being operated 
successfully. The equipment of Figure 15.20 employs pulsed transfer 
of solid between exchange and regenerant zones as often as every 
4min to every 20 or 30 min. Attrition of the resin may require 
replacement of as much as 3046 of the resin each year in water 
conditioning applications. 

Fluidized bed units such as the multistage unit of Figure 15.20 
suffer from some loss of efficiency because the intense mixing 
eliminates axial concentration gradients. They do have the merit, 
however, of not being bothered by the presence of foreign solid 
particles. 

The economic break between fixed bed and continuous 
operation has been estimated as ion concentrations of 0.5N, or flow 
rates above 300gpm, or when three or more parallel beds are 
required to maintain continuous operation. The original application 
of continuous ion exchange was to treatment of radioactive wastes, 
but some installations of ordinary water treating have been made. 

Resin requirements for two extremes of ion concentration are 
analyzed ín Example 15.3. The high concentration stream clearly is 
a candidate for continuous ion exchange. 


ELECTRODIALYSIS 


In this process, dissolved electrolytes are removed by application of 
electromotive force across a battery of semipermeable membranes 
constructed from cation and anion exchange resins. The cation 
membrane passes only cations and the anion membrane only 
anions. The two kinds of membranes are stacked alternately and 
separated about 1mm by sheets of plastic mesh that are still 
provided with flow passages. When the membranes and spacers are 
compressed together, holes in the corners form appropriate 
conduits for inflow and outflow. Membranes аге 0.15-0.6 mm thick. 
А commercial stack may contain several hundred compartments or 
pairs of membranes in parallel. A schematic of a stack assembly is 
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Figure 15.17. Two designs of fixed bed gas adsorbers. (a) Vertical bed with balls on top for 
hold-down and distribution of feed (Johnson, Chem. Eng. 79, 87 (27 Nov. 1972)]. (b) 
Horizontal fixed bed for low pressure drop operation [Treybal, Mass Transfer Operations, 
McGraw-Hill, New York, 1980; Logan, U.S. Pat. 2,180,712 (1939)]. 
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Figure 15.18. Two types of supports for adsorbent beds [Johnston, 
Chem. Eng., (27 Nov. 1972)]. See also Figures 17.23 and 17.24. (a) 
Common type of flat screen support. (b) Conical-type of support 
suited to frequent removal of adsorbent. 


in Figure 15.21. Properties of commercially produced membranes 
are in Table 15.5 and performance data are in Table 15.6. 

Membranes may be manufactured by mixing powdered ion 
exchange resin with a solution of binder polymer and pouring the 
heated mixture under pressure onto a plastic mesh or cloth. The 
concentration of the ion exchanger is normally 50-70%. They are 
chiefly copolymers of styrene and divinylbenzene, sulfonated with 
sulfuric acid for introduction of the cation exchange group. 

Standard cell sizes are up to 30 by 45in. In an individual 
stack the compartments are in parallel, but several stacks in series 
are employed to achieve a high degree of ion exchange. The 
ion exchange membrane is not depleted and does not need 
regeneration. The mechanism is that an entering cation under the 
influence of an emf replaces an H* ion from the resin and H* from 
solution on the opposite face of membrane replaces the migrating 
cation. 

Table 15.6 shows that pressures drops may be as high as 
900 psi. Flow rates in a single stage are about 1 gal/(hr)(sqft of 
available membrane surface). The process is distinguished by very 
low power requirements: the desalination of sea water, for instance, 
consumes 11-12 kWh/1000 gal. One stage effects a reduction of 
about 5046 in salt content, so several stages in series are used for 
high performance. A flow sketch of a three-stage electrodialysis 
plant is in Figure 15.21(c). 


Like many other specialities, electrodialysis plants аге 
purchased as complete packages from a few available suppliers. 
Membrane replacement is about 10% per year. Even with 
prefiltering the feed, cleaning of membranes may be required at 
intervals of a few months. The comparative economics of 
electrodialysis for desalting brackish waters is discussed by Belfort 
(1984): for lower salinities, electrodialysis and reverse osmosis 
are competitive, but for higher ones electrodialysis is inferior. 
Electrodialysis has a number of important unique applications, for 
removal of high contents of minerals from foods and pharmaceuti- 
cals, for recovery of radioactive and other substances from dilute 
solutions, in electro-oxidation reduction processes and others. 


15.6. PRODUCTION SCALE CHROMATOGRAPHY 


When a mixture of two substances is charged to a chromatographic 
column, one of them may be held more strongly than the other. 
Elution with an inert fluid will remove the more lightly held 
substance first, then the other. Separations even between very 
similar substances can be very sharp. Figure 15.22(a) is an example 
of a chromatogram. Only fluid-solid chromatography is ап 
adsorptive process, but gas-liquid and liquid-liquid are used more 
frequently since liquids with suitable absorption properties are 
easier to find than solid adsorbents. The active sorbent is a 
high-boiling solvent deposited on a finely divided inert solid carrier. 
The process is one of absorption, but the behavior is much like that 
of adsorption. The principal application is to chemical analysis. 
Relative retention times on various sorbents are key data which are 
extensively tabulated, for instance in Meites (Handbook of 
Analytical Chemistry, McGraw-Hill, New York, 1963). 

Chromatographic separations are necessarily intermittent with 
alternate injections and elutions, although a measure of continuity 
can be achieved with an assembly of several units, or with suitably 
sized surge tanks. A process flowsketch appears in Figure 15.22(b). 
Information on production scale chromatography is provided by 
Conder (1973). Only separations difficult to achieve by other means 
are economical with chromatography. 

Individual drums are provided for each product fraction. A 
detector monitors the separation and provides signals for controlling 
the injection and collection sequence. The operation of partial 
condensers for the dilute eluted streams presents challenges because 
of aerosol formations. When a valuable carrier such as nitrogen is 
used, it must be cleaned up and recycled. 

A 1968 estimate of the cost breakdown for a plant with a 
column 4 ft dia by 15 ft high and a throughput of 200—920 tons/yr 
has been converted to a percentage basis in Table 15.7 because of 
its age. The costs are said to not vary greatly with throughput or the 
nature of the separation, although this analysis has been made 
specifically for the separation of œ- and B-pinenes. The temperature 
was 165°C and the solvent was Carbowax 20M. The design was 
based on data in a 4in. dia column which had a capacity of 
200-1500 mL/hr. 

Some of the materials for which chromatographic separation 
should be considered are essential oils, terpenoids, steroids, alka- 
loids, pharmaceuticals, metal chelates, isotopes, and close-boiling 
isomers. For easy separations, vacuum distillation, liquid-liquid 
extraction, and fractional crystallization are less expensive. 


15.7. EQUIPMENT AND PROCESSES 


Adsorbents are made in pellet form by extrusion or pressing or in 
granular form by crushing and classification of larger masses or in 
spherical or globular form by precipitation in an inert gaseous or 
liquid medium. Typical processes for some adsorbent preparations 
are represented in Figure 15.1. The BASF process of Figure 15.1(c) 
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Figure 15.19. The Toray simulated continuous adsorption process. (a) Showing the main 
valving for a seven-chamber adsorption system [Otani et al., U.S. Pat. 3,761,533, (25 Sep. 
1973)]. (b) Flowsketch for recovery of paraxylene by continuous adsorption [Otani et al., 


Chem. Economy Eng. Rev. 3(6), 56—59 (1971)]. 


for silica gel employs a special mixing nozzle in which water glass is 
mixed intermittently with a stream of sulfuric acid to form an 
unstable sol that is sprayed directly into air where the globules 
solidify immediately. Mixing time in the nozzle is 0.1—1.0 sec. The 
sodium sulfate is washed out in a tower to which the particles fall. 
The process of initial activation or reactivation is shown for bone 
char. In general а heating process, sometimes combined with 
oxidation, is required to drive gases out of the solid mass and thus 
to make it porous. 


GAS ADSORPTION 


The usual equipment for gas adsorption is a number of vessels 
containing fixed beds of the adsorbent, at least two vessels for 
achieving overall continuous operation. Figure 15.17 shows suitable 
vertical and horizontal vessels. The vertical ones are less likely to 
form channels and usually are favored. Bed depths as high as 45 ft 
are in use. Horizontal vessels are preferred when pressure drops 


must be kept low, as in recovery of solvents from air in printing or 
paint establishments. Modes of support of granular beds are shown 
in Figures 15.18, 15.24, and 17.27. 

A three-bed adsorption unit is illustrated in Figure 15.16. It is 
used to dry the feed to a distillation column with a top temperature 
of —70°F; thus a water dewpoint of —90°F is required. One of the 
vessels always is on regeneration and cooling down, and the other 
two in series on adsorption, with the more recently reactivated one 
downstream. A bleed off the process stream is diverted to use as 
regenerant. After the gas leaves the vessel being regenerated, the 
water is condensed out by cooling and the gas returns to the process 
downstream of a control valve that maintains a 10 psi differential. 

Normally adsorption is conducted at or as near ambient 
temperature as possible and regeneration is at 350-500°F. A new 
process developed by Union Carbide Corp, the AHR process 
(adsorption heat recovery), allows the temperature to rise to 
200-400°F as a result of the heat of adsorption and effects the 
desorption at comparable temperatures with a stream of inert gas 
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EXAMPLE 15.3 

Size of an Топ Exchanger for Hard Water 
А hard water contains 120 ppm of СаСО;, 90% of which is to be 
removed with а hydrogen exchange resin of capacity 5 meg/g. Ву 
the method of Example 15.1 it is ascertained that under these 
conditions 98% of Н? ion of the resin will be replaced by the Са?+ 
at equilibrium. The minimum amount of resin will correspond to 
the equilibrium value. That amount will be calculated for treating 
100 gpm of water оп a 24 hr cycle. The mol wt of CaCO, = 100.06. 


resin capacity = 0.98(0.005)(100.06) 


= 0.490 Ib СаСО-ЛЬ resin, 
CaCO, removed = 0.9(8.34)(100)(1440)(120)(10- 5) 
= 129.7 1b/24 hr, 


resin needed — 129.7/0.49 
= 264.715, or 4.71 cuft of resin with sp gr = 0.9. 


For comparison, the amount of resin needed to remove the 
Ма" from a 3.5% solution of NaCl at the rate of 100 gpm in 24 hr 
will be found: 


resin capacity = 5 meq/g = 0.005 Ib mol/Ib, 
Ма" removed = 0.035(8.34)(100)(1440)/58.5 
= 718.5 lb mol/day. 


Accordingly, 


resin = 718.5/0.005 = 142,700 Ib, 


pointing out that a fixed bed unit on such a long cycle may not be 
practical for such a high concentration of ion to be exchanged. 





such as nitrogen or carbon dioxide which is recycled after the water 
is condensed out. The process is applied to removal of as much as 
2096 of water from ethanol with cycle times of the order of 1hr, 
instead of the common 24 hr, even for much smaller contents of 
water (Anon, Chem. Eng., April 15, 1985, p. 17). 

Continuous fluidized bed equipment has been utilized for gas 
adsorption, but usually attrition losses of comparatively expensive 
adsorbents have been prohibitive and the loss of efficiency because 
of axial mixing has been a serious handicap. Drying equipment such 
as those of Figure 9.13 presumably can be operated in reverse to 
recover valuable substances from a vapor phase, and the forward 
mode applied for regeneration in associated equipment. Other 
possibly suitable fluidized bed configurations are those of the 
reactors of Figures 17.32(a), (c), and (d). 

Moving bed gas adsorbers also have been proposed and used, 
patterned after moving bed gas oil crackers. In the Hypersorber of 
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Figure 15.23, flows of gas and solids are countercurrent in a single 
vessel. After saturation, the solid is stripped with steam and 
removed at the bottom of the tower, and gas is lifted to cooling and 
adsorption zones. The control mechanism for solids flow and typical 
performance for ethylene recovery from cracked gases also are 
shown with the figure. Partly because of attrition losses and the 
advent of competitive processes for ethylene recovery, the 
Hypersorber was abandoned after a few years. The simpler 
Nofsinger moving bed adsorber of Figure 15.24 also has not proved 
commercially attractive. 


LIQUID PHASE ADSORPTION 


A major application cf liquid phase adsorption is to the removal of 
relatively small amounts of impurities or color bodies in water 
treating, sugar refining, and other processes. Both batch and 
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Figure 15.21. Electrodialysis equipment and processes. (a) View of the components of an electrodialysis stack (Lacey, 1978). (b) Flow 
pattern through an electrodialyzer for removal of NaCl from water (Ionics Inc.). (c) Electroreduction with the use of an ion exchange 
diaphragm. (d) Flowsketch of a three-stage electrodialysis for treatment of brackish water (Rogers, in Belfort, 1984). 
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0,571 mgd 14,034 ppm 
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(d) 
Figure 15.21—(continued) 
TABLE 15.5. Properties of Membranes for Efectrodialysis 
Name of Thickness Capacity Electrical resistance 
Manufacturer membranes Membrane (mm) (meq/gm) (О cm? in 0.1 М NaCl) Reinforcement 
Ionac Chemical Co. Ionac MC-3142 0.15 1.06 9.] Yes 
New Jersey MC-3470 0.35 1.05 10.5 Yes 
MA-3148 0.17 0.93 10.1 Yes 
MA-3475 0.40 1.13 23 Yes 
IM-12 0.13 — 4 Yes 
American Machine and A.M.F. C-60 0.30 1.5 6 No 
Foundry A-60 0.30 1.6 5 No 
Connecticut 
Tonics Inc. Nepton CR61 AZL 183 0.60 2:7 9 Yes 
Massachusetts AR 111 BZL 183 0.60 1.8 14 Yes 
Asahi Glass Co. Ltd. Selemion CMV 0.15 1.4 6.1 Yes 
Tokyo, Japan АМУ 0.14 4.0 Yes 
Tokuyama Soda Ltd. Neosepta СІ,25Т 0.16 1.8-2.0 3.5 Yes 
Tokyo, Japan АУ АТ 0.15 1.5-2.0 4.0 Yes 
Asahi Chemical Industry A.C.I. or DK 1 0.23 2.6 6.5 Yes 
Co. Ltd. Acipex DA 1 0.21 1.5 4.5 Yes 
Tokyo, Japan 
Ben-Gurion University of Neginst NEGINST-HD 0.35 0.8 12 Yes 
the Negev, Research & NEGINST-HD 0.35 0.8 10 Yes 
Development Authority NEGINST-HC 0.2 1.6 6 No 
Beersheva, Israel NEGINST-HC 0.2 1.7 8 No 





(Belfort, 1984). 
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TABLE 15.6. Performance of Electrodialysis Equipment on Treatment of 3000 ppm Brackish Water 














Typical hydraulic flow rate 
0.5. gal/24-h day 
U.S. gal/min 

Pressure drop at typical flow, Ib/in? 
Number of membranes 
Size of membranes, іп X in 
Total area of membranes, ft? 
%-total area available for transfer 
Approximate weight, № 
Approximate overall height, including | 
Demineralization per pass (25°С, high-Cl water, typical flow), 

% 

Current required for 3000-ppm feed, А 






Voltage required for 3000-ррт feedt 
Direct-current kW/stack for 3000-ppm feed} 


Direct-current kWh/1000 gal product} for 3000-ppm feedt 


Single stack, MK Single stack, MK Single stack, MK 
П, four stages III, three stages III, one stage 


Stages 1 and 2: 19 
Stages 3 and 4: 8 


Stages 1 and 2: 180 
Stages 3 and 4: 150 









Three stacks in 
series, MK III 





































































16,700 55,600 166,100 
11.6 38.6 116 
47 44 42 
540 900 2,700 
18 X 20 18 X 40 18 X 40 
1,350 4,500 13,500 
62 64 64 
1,300 2,800 8,400 
46” 6710” 68” 

88.5 88.3 900 
Stages 1 and 2: 36 Stage 1: 46 
Stage 3: 12 Stage 2: 24 
Stage 3: 12 

Stages 1 and 2: 350 Stage 1: 640 

Stage 3: 150 Stage 2: 500 

Stage 3: 420 
4.6 141 Stage 1: 29 
Stage 2: 12 

Stage 3: 5 
74 6.8 7.4 


*Ionics, Incorporated, Watertown, Mass, 1979. These units use the EDR process, іп which polarity and fluid flow are periodically reversed. In general, addition 


of acid and antiprecipitant to the feed is not necessary in this process. 


fFor typical brackish water containing a high proportion of sodium chloride. 


{Approximately 10% of flow wasted during reversal. 


(Spiegler, 1984). 


continuous equipment are illustrated in Figure 15.25. The batch 
process consists of slurrying the liquid with powdered adsorbent and 
then separating the two phases by filtration. The saturated 
adsorbent—carbon from water treating or fullers earth from oil 
treating—is regenerated by ignition as in the block diagram of 
Figure 15.1(b), or sometimes by treatment with suitable reactive 
solvents such as sodium hydroxide for adsorbed phenol from water. 
In the semicontinuous process of Figure 15.25(b), pulses of 
adsorbent are withdrawn periodically from the bottom and fresh 
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material is charged in at the top. The pulses are 2-10% of the 
volume of the bed. Some data of adsorbent treating of water were 
given in Section 15.4. Attrition losses in moving beds for liquid 
treating are less than for gas treating. In the similar process of ion 
exchange of Figure 15.25(a), ion exchange losses of 30% per year 
are mentioned. 

The successful simulation of continuous moving bed adsorption 
process developed by UOP (Universal Oil Products) is illustrated in 
Figure 15.26. For the process being simulated, part (а) of the figure 
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Figure 15.22. A process for recovering uranium from mine waters. The absorption column is 2.16 m dia, water flow 
rate is 28.5 m/hr, resin transfer off the top of the absorption column is 87L every 3hr, inlet concentration 
3-6 mg U/L, outlet 0.002-0.009 mg U/L (Himsley and Bennett, in Naden and Streat, 1984, pp. 144-168; U.S. Pat. 


4,018,677). 


TABLE 15.7. Economic Data for a Chromatographic Process with Throughput of 400—920 tons/ yr, with Column 4 ft dia 


by 15 ft high? 











Equipment Cost Percent Annual Operating Cost Percent 
Feed preparation and injection 9.4 Maintenance and taxes 19.9 
Column 13.1 Operating labor 13.7 
Detection and control 2.6 Utilities and supplies 5.7 
Fraction collection and heat exchange 18.7 Packing replacement 40.8 
Carrier recycle 11.2 Depreciation (10 year) 19.9 
Process piping and building 16.5 100 
Engineering and construction 28.5 

100 





? Data are given only on percentage bases because of their age. 
(Abcor Inc., 1968). 
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Compositions, vol % 
" Component 
Sod er Feed gas | Bottoms | Overhead | Purge gas 
mm mm m ow Ь 
ЕЕЕ ЕЧЕЧЕЗЕНЕВЕЗЕ- Hydrogen.............. 39.8 | .... 31.6 61.8 
в See өтә з М№іговеп............... жұл seiss 1.4 2.5 
Онан Carbon monoxide........ 0.9 | ..... 0.8 1.3 
i н Охувеп................ 0.1 0.1 0.1 0.2 
DUO Ө Меапе............... 51.3 | ..... 66.1 33.7 
lower plate Carbon dioxide.......... 0.2 29 ЖЕЛ 0.1 
. Acetylene.............. 0.2 3.6 
atte Bil ИИК 5.8 92.7 |... 0 
partictes Ейһәпе................. Ті. 0.7 
ТО ы ала аа 100.0 100.0 100.0 100.0 
(b) (c) 


Figure 15.23. Hypersorber continuous moving bed gas phase adsorption system (See Mantell 


, Adsorption, McGraw-Hill, New York, 1951). 


(a) Schematic pattern of flows of gas and solid adsorbent (Hengstebeck, Petroleum Processing, McGraw-Hill, New York, 1959). (b) Solids 


flow rate control mechanism. (c) Typical separation performance. 
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Figure 15.24. Nofsinger continuous moving bed adsorber [Spangler 
and Price, U.S. Pat. 3,442,066 (6 May 1969)]. 


shows flows of adsorbent and fiuids and the composition profiles 
along the tower. The simulated process employs 12 fixed beds in a 
single vessel, in which input and output streams are individually 
controlled. The points of entry and withdrawal of the four external 
streams—feed, extract, raffinate, adsorbent—are controlled with a 
single special rotary valve. Periodically each stream is switched to 
the adjacent bed so that the four liquid access positions are always 
maintained the same distance apart. Satisfactory operation is 
assured by uniform feeds and withdrawals and flushing of lines 
between their uses for regeneration and other purposes. The 
internal constructions of the tower, such as the mechanism of feed 
and withdrawal at individual beds, are not revealed in the literature. 
As of 1984, some 60 large capacity installations for various 
hydrocarbon isomer separations with molecular sieves have been 
made. The largest column mentioned is 22 ft dia. The distribution 
across the cross section has been worked out so that scale-up from 
3in. to commercial size is reliable. The process is described briefly 
in articles by Broughton (1978; 1984) and in several patents listed in 
the first of these articles. 

A variant of this process developed by Toray industries is 
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illustrated in Figure 15.19. The beds are individual rather than in a 
single shell and utilize individual on-off valves. One application, to 
the separation of aromatics, is mentioned in the literature [Otani, 
Chem. Eng, 80(9), 106 (17 Sep. 1973)]. 


ION EXCHANGE 


Because of the large volumes of dilute electrolytes that sometimes 
need to be treated, continuous processing with ion exchange 
materials is more common than liquid phase adsorption, although 
fixed bed processes still are predominant. Typical arrangements of 
fixed beds appear in Figure 15.20. Any particular ion exchange resin 
is capable of exchanging only cations or anions. The two kinds of 
resins may be mixed and incorporated in the same vessel or they 
may be used separately in their own vessels. Cation exchange resins 
may be strongly or weakly acid, and anion exchange resins, strongly 
or weakly basic. The choice of an ion exchange system depends on 
the composition of the feed, the product quality required, the scale 
of the operation, and the economics of the process. Three of the 
many possible arrangements of vessels are sketched in Figure 
15.20(d). Series combinations of vessels are employed when leakage 
is highly undesirable. The inlet to the last stage is monitored and 
the information is taken as a guide to transfer of the first vessel in 
line to regeneration. 

All of the continuous processes of Figures 15.27 and 15.22 
employ intermittent transfer of spent resin out of the primary vessel 
to regeneration facilities. Although all of the operations of 
exchange, rinsing, and regeneration can be performed in elegantly 
designed equipment such as Figure 15.27(a), greater flexibility is 
inherent in a multivessel plant such as Figure 15.22. This is of an 
operating plant for which some size and operating data are given 
here, and more appear in the reference article. 

Performances of four fluidized bed ion exchange plants are 
described by Cloete (in Naden and Streat, 1984, рр. 661-667). One 
of the exchange columns is 4.85 m dia, has 12 stages each 1 m high, 
with perforated trays having holes 12 mm dia with a capacity of 
640 m?/hr of uranium mine waters. 

Ion exchange resins are used widely as heterogeneous catalysts 
of processes that require acid or base catalysis, for example, 
hydration of propylene to isopropanol, reaction of isobutylene with 
acetonitrile, and many others. The same kind of equipment is 
suitable as for ion exchange, but usually regeneration is not 
necessary, although some degradation of the resin naturally occurs 
over a period of time. 


ION EXCHANGE MEMBRANES AND ELECTRODIALYSIS 


Only one basic design of electrodialysis equipment for de- 
mineralization appears to be in use. This is an assembly of alternate 
cation and anion ion exchange sheets separated by spacers in groups 
of several hundred clamped together between electrodes. The 
assembly physically resembles a plate-and-frame filter press. Figures 
15.21(a) and (b) show such assemblies, and some dimensional data 
were stated in Section 15.5, Electrodialysis. 

The concentrates of salt solutions made by electrodialysis of 
seawater are suited as feed to the evaporators of salt manufacturing 
plants with considerable savings in overall energy requirements. 
Other applications also are based on the concentrating effects of 
electrodialysis, for instance, tenfold increases of concentrations of 
depleted streams from nickel and copper plating plants are made 
routinely. 

In applications such as the electroreduction of Figure 15.21(c) 
and electrolysis of brine to caustic and chlorine, single membranes 
serve as diaphragms between electrodes, permitting passage of ions 
but retarding diffusion and mixing of feed and product solutions. 
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Figure 15.25. Liquid phase adsorption processes for water treated with activated carbon and petroleum treated 
with clay adsorbents. (a) A two-stage slurry tank and filter process. (b) Continuous pulsed bed operation, 
individual pulses 2-10% of bed volume as needed. 


DESORBENT D SOLD +D. 








a DESORPTION 
5 OFA 
с 
EXTRACT А+0 2 
pr —X———— ара. 
ш. 
О | 
> 2 DESORPTION 
о OFB 
Т 
- | 
FEED А+В 
pe — —— — SSS Se 
1 
ADSORPTION 
OFA 
| 





RAFFINATE B*D 


PARTIAL 0 100% 


DESORPTION. LIQUID COMPOSITION 
FD 


(a) 
Figure 15.26. Continuous and UOP simulated continuous moving bed liquid adsorption 
processes [Broughton, Sep. Sci. Technol. 19, 723-736 1984-1985)]. (a) Continuous 


moving bed liquid adsorption process flows and composition profiles. (D) СОР Sorbex 
simulated moving bed adsorption process. 
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Figure 15.27. Continuous ion exchange equipment. (a) The Higgins moving bed unit; the consolidated resin bed is recirculated upwards with 
a hydraulic pulse. [U.S. Pat. 3,580,842, (25 May 1942)]. (b) Operating sequence in the Higgins contactor. The double-acting piston 
simultaneously sucks liquid from the top of the column and delivers it to the bottom: (a) solution pumping for several minutes; (b) resin 
movement for 3—5 sec; (c) solution pumping for several minutes (Coulson and Richardson, Chemical Engineering, Pergamon, New York, 
1979, Vol. 3, p. 520). (c) In the Asahi system, resin is transferred between the adsorber and the regenerator at 10—60 min intervals (Asahi 
Chem. Ind., U.S. Pat. 3,152,072). (d) The Himsley multistage slurry adsorber; the resin is pumped as a slurry, one stage at a time into and 
from the regenerator [Hirmsley, Can. Pat. 980,467, (23 Dec. 1975)]. 
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Figure 15.27—(continued) 


CHROMATOGRAPHIC EQUIPMENT 


The components of a commercial process employing chromato- 
graphic separation are represented on the flowsketch of Figure 
15.28. The process is intermittent with very short cycles. The cost 
breakdown of a plant for the separation of œ- and f*-pinenes is 
given in Table 15.7, which 1s based on pilot plant work in a 4 in. dia 
column. That company is no longer in that business; thus the test 
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data are not available, and the operating conditions are not known. 
Other data for the same separation, however, are presented in 
Table 15.8. The largest column considered there, 0.4 m dia, has a 
production rate of 4300 kg/(m?)(day), with cycle times of about 
1 min. Valentin (1981) refers to literature where columns of 1 and 
2m dia are described and mentions that diameters up to 5 m are 
feasible and may have throughputs of 10,000 metric tons/yr. 
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Figure 15.28. Chromatographic separations. (а) Typical chromat- 
ogram produced by gas-liquid chromatography. (b) Flowsketch of 
a production scale chromatographic unit (Ryan, Timmins, and 
O'Donnell, Chem. Eng. Prog. 64, 53 (Aug. 1968)]. 
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Figure 15.28—(continued) 


TABLE 15.8. Examples of Chromatographic Separations in a Column 125 mm dia 
(a) Five Separations 


Charge Product Temperature (°С)/ 


Case Mixture (mol %) (mol %) Pressure (Torr) Remarks 

1 Pentane 99.3 99.995 225/760 extreme purification 
Isopentane 0.7 50 ppm 

2 Benzyl alcohol 99.5 99.6 150/50 selective removal of 
Benzyl aldehyde 0.1 small impurities 
Others 0.4 

3 а-Ріпепе 70.0 99/2 160/760 simultaneous purification 
B-Pinene 30.0 1/98 of two materials 

4 Essence of cloves 220/760 recovery of a thermally 
Eugenol 75 99.8 sensitive natural product 

5 Bromo-3-thiophene 91.6 99.0 150/760 a difficult separation 
Bromo-2-thiophene 4.6 1.0 of position isomers 
Others 3.8 


(Bonmati and Guiochon, Parfums, Cosmetiques, Aromes, 37—59, Sept/Oct 1976). 


(b) Details of the Separation of a-Pinene and В-Ртепе 


Operating 
Conditions Other Data ELF—SRTI Process 
Column 
diameter (mm) 100 305 125 400 
Length (m) 2.7 unknown 1.5 1.5 
Baffles yes yes no no 
Programmer peak deflection time-based 
Carrier gas He He He Н, 
Velocity (cm/sec) 92 — 9.5 9 
Temperature (°С) 160 160 160 160 
Cycle (sec) 80 — 80 65 
Purity 98.5-98.6 99.1-97.8 
Productivity 


{kg/day) 19 160 40 540 
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CRYSTALLIZATION FROM SOLUTIONS AND MELTS 


issolved or molten substances are recoverable in 

solid form by precipitation upon cooling or upon 

removal of the solvent or by addition of precipitating 

agents. For convenience a distinction is made 
between two kinds of processes: 


1. in solution crystallization, the crystals are separated away 
from a solvent, often water. In the case of inorganic solids 
particularly, the operating temperature is far below their 
melting points. 

2, In melt crystallization, two or more substances of 
comparable melting points are separated by some degree 
of cooling. The degree of completeness of such 
separations depends on the phase equilibrium relations. 
When the crystals must be refined to remove occluded 
substances, the recovered material may leave the process 
in molten form. Subsequently, it may be solidified as flakes 
or sprayed granules. 


The design of crystallizers is based on knowledge of 
phase equilibria, solubilities, rates and amounts of nuclei 
generation, and rates of crystal growth. Each system is 


16.1. SOLUBILITIES AND EQUILIBRIA 


The variation of the solubilities of most substances with tem- 
perature is fairly regular, and usually increases with temperature. 
When water is the solvent, breaks may occur in solubility curves 
because of formation of hydrates. Figure 16.1(a) shows such breaks, 
and they can be also discerned in Figures 16.2(b) and (c). Unbroken 
lines usually are well enough represented by second degree 
polynomials in temperature, but the Clapeyron-type equation with 
only two constants, In x = А + B/T, is of good accuracy, as appears 
for some cases on Figure 16.1(b). 

A convenient unit of solubility is the mass of solute per unit 
mass of solvent, or commonly g solute/100 g solvent. Interconver- 
sions with molal units and mol fractions are made readily when 
densities of the solutions are known. 

Under quiescent conditions a concentration substantially in 
excess of normal solubility or a temperature lower than the normal 
saturation temperature can be maintained. The maximum 
supersaturation appears to be a fairly reproducible quantity, but is 
reduced or even eliminated by stirring or by the introduction of dust 
or seed crystals. Some data are shown in Figure 16.1(c) and in 
Table 16.1. They are expressed as AC = C — C, or as AC/C,,, or 
as АТ=Т-Т„. According to the data of Table 16.1(d), 
subcooling correlates roughly with the heat of solution. The 
increments AC and AT can be quite substantial quantities. 

The several regions of varying stability are represented by 
Figure 16.1(d). At concentrations above or temperatures below 
those represented by the supersaturation line, nuclei form and 
crystals grow spontaneously, although the rates of these processes 
do depend on the depth of penetration of the unstable region. Little 
control can be exercised on behavior in this region. In the 
metastable region, growth of crystals will occur even under 
quiescent conditions when dust or seeds are introduced and nuclei 
can be generated by agitation. Behavior in the metastable region is 


unique in most of these respects and not often predictable. 
The kind of information needed for design of a continuous 
crystallizer is indicated by the data supplied for Example 18.1. 

Although theoretical advances are being made, the 
current state of the art of crystallization requires pilot plant 
evaluation of parameters of equations and of such operating 
variables as 


. crystal size distribution, 

. effects of impurities and additives, 

. residence time, 

. circulation rate, 

. mixing efficiency, 

. allowable degrees of supersaturation or subcooling, 
. heat transfer characteristics, 


Ban GN = 


and others peculiar to the particular kind of equipment under 
consideration for the full scale plant. 

This chapter will discuss the main concepts associated 
with crystallization practice, and will describe the main types 
of equipment used nowadays, together with some indications 
of their performance and applicability. 





largely controllable so that it is the practical operating region for 
production of crystals of significant sizes. 

Practically feasible extents of supersaturation or subcooling are 
fairly small and depend on the substance and the temperature. 
Some data appear in Table 16.2. Since the recommended values are 
one-half the maxima listed, they rarely are more than 2°C or so. 
This means that very high circulation rates through heat exchangers 
are needed. Thus, in the urea process of Example 16.1, the 
temperature rise is 2°F, and the volumetric circulation rate is about 
150 times the fresh feed rate. 


PHASE DIAGRAMS 


Equilibria between liquid and solid phases over wide ranges of 
temperature are represented compactly on phase diagrams. The 
effect of moderate pressure on condensed phases is negligible. 
Aqueous systems often are complicated by the formation of 
hydrates, and other substances also may form intermolecular 
compounds. Of the substances of Figure 16.2, KCl does not form а 
hydrate, but NaCl and MgSO, do. Mixtures always have lower 
melting points than those of the pure components. The lowest 
temperature and the corresponding composition at which a liquid 
phase can be present identify the eutectic (“easy melting"), for 
example, point C on Figure 16.2(a) and point B on Figure 16.2(b). 
Binary and ternary eutectics also are identified on the ternary 
diagram [Fig. 16.2(f)]. 

The effects of evaporation or chilling on the amounts and 
compositions of the liquid and solid phases can be followed on the 
diagrams. Example 16.2 does this. Mixtures that form eutectics 
cannot be separated completely by chilling. The amount and nature 
of a separated solid phase depends on the temperature and the 
overall composition. Examples 16.2(c) and (d) make such 
calculations. Mixtures that are completely miscible in both liquid 
and solid phases, such as Figure 16.2(d), can be separated 
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EXAMPLE 16.1 

Design of a Crystallizing Plant 
А plant is to make 10,000 Ib/hr of urea crystals from a solution that 
contains 75% dissolved salt. The material balance and operating 
conditions are shown on the sketch. Key crystallization data are 
given by Bennett (1981, p. 452) as 


1. The residence time is 3.4 hr. 
2. The temperature rise across the heater is 2°F. 


Other information deduced from pilot plant work is: 


3. The feed contains 75% solids, but 1200 lb/hr of wash water 
from the centrifuge also is returned to the crystallizer. 

4. The liquor contains 66.8% dissolved urea and has a specific 
gravity of 1.17 at the operating temperature of 130°F. 

5. The slurry contains 28 Ib crystals/cuft and has a specific gravity 
of 1.354. 

6. A purge stream amounting to 7% of the feed liquor is 
withdrawn as shown on the sketch. 

7. The pressure is 60 Torr, at which the saturation temperature of 
steam is 106°F. The superheat of 24°F is neglected in figuring 
the vapor density and velocity. 

8. Depth of liquid in the vessel should not exceed 10 ft and the 
vapor velocity should not exceed that given by the equation, 
u=0.06Vp;/p,—1. A wire mesh deentrainer is not feasible 
because of encrustation. 

9. Heat capacity of the solid is 0.62 Btu/(Ib)(°F) and the heat of 
crystallization is 104 Btu/Ib. 

10. For sizing the vacuum ejector, air leakage is estimated at 
25 lb/hr and carbon dioxide is 34 lb/hr. 

11. The coefficient of heat transfer in 
200 Btu/(hr)(sqft)(°F). 


the exchanger 1$ 


Calculations: 


vapor rate = 4471(296)/3600 = 367.6 cfs, 
slurry holdup = 10,000(3.4)/28 = 1214.3 cuft, 
Umax = 0.06V84.5/0.0034 — 1 = 9.46 fps, 
Dein = V367.6/9.46( 20/4) = 7.03 ft. 


The corresponding liquid depth is 
h = 1214.3/(2/4)р? = 31.0 ft, 


which is too great a value. 


Try D =12.5 ft: 


dished head capacity = 152 сий (Figure 18.5), 
straight side = (1214.3 — 152)/(12.5Y(1/4) = 8.66 ft, say 9.0 ft. 


Together with the depth of liquid in the dished head, the total depth 
will be close to the 10 ft specified as the maximum. From Figure 
18.5, a free board of 5.5ft is adequate in the absence of a 
deentraining pad. Accordingly, the vessel will have a diameter of 
12.5 ft, a straight side of 14.5 ft, and dished heads designed for full 
vacuum. The sketch is to scale. 

Sufficient data are given for finding the heat balance and the 
liquor circulation rate, and for sizing the auxiliaries such as lines, 
pump, heat exchanger and vacuum system, but those calculations 
will not be made. 


Water Steam 
86 F 














W = 4471 lb/hr 


Аг 25 lb/hr 










CO, 34 Ib / hr 
106 F, saturated 
59 Torr 

Purge 

Wz274lb/hr 

U-634lD/hr[| ^ 7-77 

66.8% liquor Heater 
Ц = 200 


28 Ib crystals / сий 
Liquor 73.1 Ib / cuft 
Slurry 84.5 Ib/cuft 


Feed 
W = 3545 lb/hr 
U = 10,634 Ib / hr 
200 F 

Wash water 


W = 1200 Ib / hr 
100 F 


Crystals 
10,000 Ib / hr 


Code: W = water, U = urea. 





essentially completely in multistage equipment, although such 
processes are not often feasible. The possible extent of separation 
of multicomponent mixtures can be interpreted with a phase 
diagram like those of Figure 16.2(f) and Example 16.3. Phase 
diagrams are fairly plentiful, but published ones usually seem to be 
of the system they were interested in and not of the one you are 
interested in. Fortunately, nowadays phase diagrams can be 
developed at moderate cost and expenditure of time with 
differential scanning calorimeters. 

Estimates of phase diagrams can be made on the assumption of 
ideal behavior or with activity coefficient data based on binary 
measurements that are more easily obtained. In such cases, clearly, 
it should be known that intermolecular compounds do not form. 


The freezing behaviors of ideal mixtures over the entire range of 
temperatures can be calculated readily. The method is explained for 
example by Walas (Phase Equilibria in Chemical Engineering, 
Butterworths, Stoneham, MA, 1985, Example 8.9). 


ENTHALPY BALANCES 


Although the thermal demands of crystallization processes are 
small compared with those of possibly competitive separation pro- 
cesses such as distillation or adsorption; nevertheless, they must 
be known. For some important systems, enthalpy-composition 
diagrams have been prepared, like those of Figure 16.3, for in- 
stance. Calculations also may be performed with the more widely 
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Figure 16.1. Solubility relations. (a) Linear plot of solubilities against temperature (Mullin, 1972). (b) Solubility against temperature 
plotted according to the equation z — exp(A + B/T) (Mullin, 1972). (c) Normal and supersolubilities of two salts (data collected by 
Khamskii, 1969). (d) Identification of regions on solubility plots. In the unstable region, nucleation and growth are spontaneous. In the 
metastable region growth can occur on externally introduced particles. Along а-а to the left or along а-а” upwards, nucleation and growth 
can start at c or с”, but a substantial nuclei growth rate will not be achieved until d ог d' are reached. 


available data of heat capacities and heats of solution. The latter are 
most often recorded for infinite dilution, so that their utilization will 
result in a conservative heat balance. For the case of Example 16.3, 
calculations with the enthalpy—concentration diagram and with heat 
of solution and heat capacity data are not far apart. 


16.2. CRYSTAL SIZE DISTRIBUTION 


Crystal size distribution (CSD) is measured with a series of standard 
screens. The openings of the various mesh sizes according to the 
U.S. Standard are listed in Example 6.6, and according to the 
British Standard in Figure 16.4. Table 12.1 is a complete listing. 
The size of a crystal is taken to be the average of the screen 
openings of successive sizes that just pass and just retain the crystal. 

The cumulative wt % either greater or less than a specified 
screen opening is recorded. The amount of a size less than a 


particular screen opening and greater than the next smaller size is 
called the differential amount. Typical size distribution data on 
Figure 16.4 are plotted in two cumulative modes, greater than or 
less than, and as differential polygons or histograms. For some 
purposes the polygon may be smoothed and often is shown that 
way. Some theoretical cumulative and differential distribution 
curves of similar nature are shown in Figure 16.5; the abscissas are 
proportional to the crystal length. 

Cumulative data often are represented closely by the 
Rosin-Rammler-Sperling (RRS) equation 


y = 100 exp[—(d/d,,)"], (16.1) 


where d is the diameter, d,, is a mean diameter corresponding to 
y = 100/е = 36.8% and n is called the uniformity factor. The greater 
n, the more nearly uniform the distribution. The log-log plot of this 
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Figure 16.2. Some phase diagrams. (a) The water end of the system potassium chloride and water. (b) The water end of the system sodium 
chloride and water. (c) The water end of the system magnesium sulfate and water; the heptahydrate goes to the mono at 150°C, and to 
anhydrous at 200°C. (d) 6-methylnaphthalene and f-chloronaphthalene form solid solutions. (e) Mixtures of formamide and pyridine form а 
simple eutectic. (f) These mixtures form binary eutectics at the indicated temperatures and a ternary eutectic at mol fractions 0.392 dibenzyl, 
0.338 diphenyl, and 0.27 naphthalene. 
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TABLE 16.1. Data of Supersaturation and Subcooling of Solutions 


(а) Maximum Supersaturation of Solutions at 20°C, B= АС/С, 
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*Fisher's results were obtained at 25°C, 


(c) Maximum Supercooling of Salt Solutions at Various 
Temperatures 











КӨК ады ва ed dn 19.6 | 78897 
КЕЗ E i 16.3 | 80804 
12225 105 15.5] 79205 
килен ТІ 8.8] 84788 
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Коа 13:0 1114400 
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KCNS е 13:0 | 79300 
МО | 13:01 65399 
NaCIÓg 222222. 12:0| 67200 
О a foe С cco 51:0| 62220 
NECI.. 52502 20.0| 77600 
(NHSSO, sse 24.0 
NHNO, os bee os 10.3 
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Gon 22522 36.7 
Е 20.0 
мН, ...... 12.0 
Baloda s oss 9.0 





equation should be linear. On Figure 16.4(c) the scatter about the 
'straight line is small, but several of the plots of commercial data of 
Figure 16.6 deviate somewhat from linearity at the larger diameters. 

Two other single numbers are used to characterize size 
distributions. The median aperture, MA or 459, is the screen 
opening through which 50% of the material passes. The coefficient 
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(b) Temperature Dependence of the Maximum 
Supersaturation of Salt Solutions 





moles/ liter 
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(d) Dependence of the Maximum Supercooling of Solutions 
on Heat of Solution 
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(Khamskii, 1969). 


of variation is defined by the equation 


СУ = 100(4,5 — 4,4) /2dso. (16.2) 
The origin of this concept is that the fraction of the total area under 
a normal distribution curve between the 16 and 84% points is twice 
the standard deviation. The smaller CV, the more nearly uniform 
the crystal sizes. Products of DTB crystallizers, for instance, often 
have CVs of 30-50%. The number is useful as a measure of 
consistency of operation of a crystallizer. Some details are given by 
Mullin (1972, pp. 349, 389). 
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TABLE 16.2. Maximum Allowable Supercooling 
АТ (°С) and Corresponding 
Supersaturation AC (g/100 g 
water) at 25°С° 


Substance AT AC 
NH, alum 3.0 1.0 
NH,Cl 0.7 0.3 
NH4NO; 0.6 3.0 
(NH4),SO, 1.8 0.5 
NH,H,PO, 2.5 2.3 
CuSO,.5H,0 1.4 1.0 
FeSO,.7H,O 0.5 0.6 
Kalum 4.0 1.0 
KBr 1.1 0.6 
KCI 1,1 0.3 
KI 0.6 0.4 
KH;PO, 9.0 4.6 
KNO, 0.4 0.6 
KNO, 0.8 0.8 
K,SO, 6.0 13 
Мо950,.7Н,0 1.0 1.3 
NiSO,.7H,O 4.0 4.4 
МаВг.2Н,0 0.9 0.9 
Na,CO,.10H,0 0.6 2.8 
Na;CrO,.10H;0 1.6 0 
NaCl 4.0 0.2 
Na,B,0,.10H,O 4.0 0.9 
Nal 1.0 17 
NaHPO,.12H;0 0.4 15 
NaNO, 0.9 0.7 
NaNO, 0.9 0.6 
Ма,50,.10Н:0 0.3 0.7 
Na5,8,0,.5H;0 1.0 22 
Urea 2.0 


^Working values usually are not more than 
one-half the maxima. 
(After Mullin, 1972). 


16.3. THE PROCESS OF CRYSTALLIZATION 


The questions of interest are how to precipitate the crystals and how 
to make them grow to suitable sizes and size distributions. Required 
sizes and size distributions are established by the need for 


subsequent recovery in pure form and ease of handling, and by 
traditional commercial practices or consumer preferences. 


CONDITIONS OF PRECIPITATION 


Тһе most common methods of precipitating a solid from a solution 
are by evaporation of the solvent or by changing to a temperature at 
which the solubility is lower. Usually solubility is decreased by 
lowering the temperature. Some examples are in Figure 16.1. The 
limit of removal is determined by the eutectic composition. 
According to the data of Figure 16.2, for instance, a 24.646 solution 
of KCI will solidify completely at —11?C and а 3.5% solution of 
MgSO, will do so at 4°C; these values represent the limits to which 
salt is recoverable by chilling. Complete recovery, however, is 
accomplished by evaporation. 

A precipitate may be formed as a result of chemical reaction 
between separately soluble gases or liquids. Commercial examples 
are productions of sodium sulfate, ammonium sulfate, and am- 
monium phosphate. 

Precipitation also can be induced by additives, a process 
generally called salting out because salts with ions common to those 
whose precipitation is desired are often used for this purpose. For 
instance, ammonium chloride is recovered from spent Solvay 
liquors by addition of sodium chloride and the solubility of BaCl, 
can be reduced from 32% to 0.1% by addition of 32% of CaCh. 
Other kinds of precipitants also are used, for instance, alcohol to 
precipitate aluminum sulfate from aqueous solutions. 

Foreign substances even in minute amounts may have other 
kinds of effects on crystallization: They may inhibit or accelerate 
growth rate or change the shape of crystals, say from rounded 
to needlelike, or otherwise. One of the problems sometimes en- 
countered with translating laboratory experience to full scale 
operation is that the synthetic liquors used in the laboratory may 
not contain the actually occurring impurities, and thus give quite 
different performance. Substances that modify crystal formation are 
very important industrially and many such materials have been the 
subject of patents. 


SUPERSATURATION 


A. saturated solution is one that is in equilibrium with the solid 
phase and wil remain unchanged indefinitely at a particular 





EXAMPLE 16.2 
Using the Phase Diagrams of Figure 16.2 

а. Evaporation of a solution of MgSO, at 30°С: As water is 
removed, the composition moves along the horizontal. When the 
salt concentration reaches about 646, precipitation of hepta- 
hydrate begins and is completed at about 13%. Between 13 and 
14% salt, the precipitate is a mixture of solid hepta and solid 
hexa hydrates. Beyond 1446, the mixture consists of mixtures of 
solid hepta and mono hydrates in proportions determined by the 
amount of water present overall. 

b. Chilling of a 6% solution of MgSO,;: precipitation of 
heptahydrate begins at about 35°C. At about 2°C, the mixture 
consists of solid dodecahydrate and unsaturated solution. Below 
—4*C complete solidification exists; the product is a mixture of 
pure dodecahydrate and an intimate eutectic mixture of ice and 
dodeca crystals. 

с. Recovery of pyridine: As appears on the diagram of Figure 


16.2(e), the eutectic contains 33% formamide and 67% pyridine. 
When the mixture contains 80% pyridine, the maximum possible 
recovery of pure pyridine is 


P = (0.8 — 0.67)/(1 — 0.67) = 0.39, or 39%. 


d. Recovery of formamide: When the mixture of Figure 16.2(е) 
contains 80% formamide, the maximum recovery of the pure 
material ís 


F = (0.8 — 0.33)/(1 — 0.33) = 0.70, or 70%. 


e. At 50°С, the liquid phase of Figure 16.2(d) contains 35% and the 
solid phase 7446 of B-chloronaphthalene. 

f. The progress of crystallization of a ternary mixture such as tbat 
of Figure 16.2(f) is described in Example 16.8. 
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EXAMPLE 16.3 

Heat Effect Accompanying the Cooling of a Solution of MgSO, 
A 30% solution of MgSO, is cooled from 150F to 50F. Data of the 
initial and final conditions are taken off the equilibrium diagram, 
Fig. 16.3(b). At the lower temperature, 27% of the mixture 
crystallizes out as the heptahydrate. 


Final (at 50°F) 


Original 

at 15005 Total Liquid Solid 
Water (ib) 38.6 38.6 38.6 -- 
MgSO,-7H50 (ib) 61.4 61.4 34.4 27.0 
Total (Ib) 100 100 73.0 27.0 
H (Btu/lb) 3 82 53 —161 





Accordingly the change in enthalpy is 
АН = -82 — (—3) = –79 Btu/Ib. 
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This value will be compared with a calculation using data of heat 
capacities and heat of solution. From Perry's Chemical Engineers' 
Handbook (1984), the heat solution of the heptahydrate is 
—39.2Btu/Ib and its heat capacity is 0.36 Btu/(Ib)CF). The 
enthalpy change of the cooling and crystallization process is 


AH = [0.386 + 0.614(0.36)}(50 — 150) + 0.27(—39.2) 
— —71.3 Btu/Ib, 


which is a poor check of the value found with the aid of the 
equilibrium diagram. Possible sources of error of the second 
method include the use of heat of solution at infinite dilution 
instead of the prevailing concentration and the assumption that the 
heat capacities are additive. 
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(b) 


Figure 16.3. Enthalpy-composition diagrams of some salt solutions. Several other diagrams аге in the compilation of Landolt-Bórnstein, IV 
4b, 1972, pp. 188-224. (a) sodium sulfate/water; (b) magnesium sulfate/water (after Chemical Engineers’ Handbook, 1963 edition, 
McGraw-Hill, New York); (c) sodium carbonate/water. 
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Enthalpy, kJ/kg of solution 


Na, COs 7H; 0 
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o8 
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(с) 
Figure 16.3— (continued) 


temperature and composition of other constituents. Greater than 
normal concentrations also can be maintained in what is called a 
supersaturated condition which is metastable. Metastability is 
sensitive to mechanical disturbances such as agitation, ultrasonics, 
and friction and the introduction of solid particles. Under those 








BS Sieve Fractional Cumulative Cumulative 
Ше weight weight weight 
mesh aperture; per cent per cent per cent 
number um retained oversize undersize 
7 2360 1:2 1:2 98-8 
10 1700 29 41 959 
14 1180 18:8 229 77-41 
18 850 28.8 51:7 48-3 
25 600 220 73-7 26-3 
36 425 ПІ 84-8 15-2 
52 300 60 90-8 9-2 
72 212 39 94-7 5-3 
100 150 1-8 96-5 3-5 
150 106 r3 97-8 22 
>150 -- 22 — — 





(a) 





conditions, solids will separate out until normal saturation is 
obtained. When great care is taken, the metastable state is 
reproducible. A thermodynamic interpretation of metastability can 
be made in terms of the Gibbs energy of mixtures. In Figure 
16.5(a), the solid line a—b is of unsaturated solution and the straight 
line b—e is of mixtures of all proportions of pure solid and saturated 
solution represented by point b. Points с and d are at the points of 
inflection of the plot and represent the limits of metastability. Thus 
line b-c represents the range of concentrations between the 
saturated and supersaturated values. 

Several measures of supersaturation are being used in terms of 
the saturation concentration Со; thus 


а= AC, = C - Cs, 


В=АС,/С, 
у= С/С =В+1, 


the difference in concentrations, 
the relative difference, 
the concentration ratio, 


with similar definitions for subcooling or superheating. The data of 
Figure 16.1(c) and Table 16.1 show that excess concentration and 
metastable cooling can be quite substantial amounts. 


GROWTH RATES 


Crystallization сап occur only from supersaturated solutions. 
Growth occurs first by formation of nuclei and then by their gradual 
growth. At concentrations above supersaturation, as at point d' on 
Figure 16.1(d), nucleation is conceived to be spontaneous and 
rapid. In the metastable region, nucleation is caused by mechanical 
shock or friction and secondary nucleation can result from the 
breakup of already formed crystals. It has been observed that the 
rate depends on the extent of supersaturation; thus 


Cw с суу". 


ae (16.3) 


Values of the exponent m have been found to range from 2 to 9, but 
have not been correlated to be of quantitative value for prediction. 
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Figure 16.4. Several ways of recording the same data of crystal size distribution (CSD) (Mullin, 1972). (a) The data. (b) Cumulative wt % 
retained or passed, against sieve aperture. (c) Log-log plot according to the RRS equation P = exp[(—d/d,,)"]; off this plot, dso% = 850, 


d,, = 1000, п = 1.8. (d) Differential polygon. (e) Differential histogram. 
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Figure 16.4—(continued) 


Nucleation rates are measured by counting the numbers of crystals equation 
formed over periods of time. 
"T dw, 
The growth rates of crystals depend on their instantaneous 48 
surface and the linear velocity of solution past the surface as well as 
the extent of supersaturation, and are thus represented by the Values of the exponent have been found of the order of 1.5, but 


Fractional weight per cent retained 
a 

Fractional weight per cent retained 
a 








= kuA(C – Со)". (16.3’) 
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Figure 16.5. Supersaturation behavior. (a) Schematic plot of the Gibbs energy of a solid solute and solvent mixture at a fixed 
temperature. The true equilibrium compositions are given by points Р and e, the limits of metastability by the inflection points с 
and d. For a salt-water system, point d virtually coincides with the 100% salt point e, with water contents of the order of 1079 mol 
fraction with common salts. (b) Effects of supersaturation and temperature on the linear growth rate of sucrose crystals [data of 
Smythe (1967) analyzed by Ohara and Reid, 1973]. 
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Figure 16.6. Crystal size distributions of several materials in several kinds of crystallizers (Bamforth, 1965). 


Code Crystallizer 


Escher-Wyss 
Giavanola 
Matusevich 
Kestner 
Oslo-Krystal 
Oslo-Krystal 
Sergeev 

DTB 

Standard saturator 


= то особо 


The parameters are those of the RRS equation, Eq. 16.1. 


again no correlation of direct use to the design of crystallizers has 
been achieved. The sucrose growth data of Figure 16.5(b) are not 
quite log-log linear as predicted by this equation. 

In laboratory and commercial crystallizations, wide size 
distributions usually are the rule, because nuclei continue to form 
throughout the process, either spontaneously or by breakage of 
already formed crystals. Large crystals of more or less uniform size 
are desirable. This condition is favored by operating at relatively 
low extents of supersaturation at which the nucleation rate is low 
but the crystals already started can continue to grow. The optimum 
extent of supersaturation is strictly a matter for direct experi- 
mentation in each case. As a rough guide, the data for allow- 
able subcooling and corresponding supersaturation of Table 16.2 
may serve. Since the recommended values are one-half the 
maxima shown, it appears that most crystallizations under 


Substance d, n 
Мас! 0.7 47 
adipic acid 0.4 8.1 
NaNO, 037 40 
Ма,50, 0.92 47 


(NHj;SO, 32 21 
(NHj,SO, 2.35 6.0 
{NH,),SO, - 
(NHj),SO, 16 57 
(NH,),SO, 0.62 2.6 


commercial conditions should operate with less than about 2°С 
subcooling or the corresponding supersaturation. The urea plant 
design of Example 16.4 is based on 2°Е heating. 

Growth rates of crystals also must be measured in the 
laboratory or pilot plant, although the suitable condition may be 
expressed simply as a residence time. Table 16.3 gives a few growth 
rate data at several temperatures and several extents of super- 
saturation for each substance. In most instances the recommen- 
ded supersaturation measured as the ratio of operating to saturation 
concentrations is less than 1.1. It may be noted that at a typical rate 
of increase of diameter of 1077 m/sec, the units used in this table, 
the time required for an increase of 1 mm is 2.8 hr. 

Batch crystallizers often are seeded with small crystals of a 
known range of sizes. The resulting crystal size distribution for a 
given overall weight gain can be estimated by an approximate 





ЕХАМРЕЕ 16.4 

Deductions from a Differential Distribution Obtained at a 

Known Residence Time 
The peak of the differential distribution obtained with a residence 
time of t= 2hr corresponds to L,,=1.2mm. Assuming ideal 
mixing, L,,/Gt=1.2/2G=3, and G -0.2mm/h. With this 
knowledge of G, crystal size distributions could be found at other 
residence times. 





relation known as the McCabe Delta-L Law, which states that each 
original crystal grows by the same amount AL. The relation 
between the relative masses of the original and final size 
distributions is given in terms of the incremental AL by 


X wy + ALY 


R 
E wiLo; 


(16.4) 


When R is specified, AL is found by trial, and then the size 
distribution is evaluated. Example 16.5 does this. 

Some common substances for which crystallization data are 
reported in the literature and in patents are listed in Table 16.4. 


16.4. THE IDEAL STIRRED TANK 


All continuous crystallizers are operated with some degree of 
mixing, supplied by internal agitators or by pumparound. The 
important limiting case is that of ideal mixing in which conditions 
are uniform throughout the vessel and the composition of the 
effluent is the same as that of the vessel content. In crystallization 
literature, this model carries the awkward name MSMPR (mixed 
suspension mixed product removal) Ву analogy with the 
terminology of chemical reactors it could be called CSTC 
(continuous stirred tank crystallizer). Several such tanks in series 
would be called а CSTC battery. A large number of tanks in series 
would approach plug flow, but the crystal size distribution still 
would not be uniform if nucleation continued along the length of 
the crystallizer. 

The process to be analyzed is represented by Figure 16.4. What 
will be found are equations for the cumulative and differential size 
distributions in terms of residence time and growth rate. The 
principal notation is summarized here. 


О = volumetric feed rate, 

V, = volume of holdup in the tank 

n — number of crystals per unit volume 
L — length of the crystal 

С = linear growth rate of the crystal 
t= time 
t= V,/Q, mean residence time 

x = 1161, reduced time 

Ọm = cumulative mass distribution 


n°=zero side nuclei concentration, also called zero size 
population density 


B? = nucleation rate 


а, = volume shape factor = volume of crystal/(length)? = x/6 
for spheres, = 1 for cubes. 


Тһе case being considered is that in which the feed contains no 
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TABLE 16.3. Mean Overall Growth Rates of Crystais (m/sec) at 








Each Face? 
Crystallising substance °С 5 6 (m/s) 
(ЧН,),5О,- А1/5О,);:24НО 15 103 1-1 х 1078* 
30 1-03 13x 107 8* 
30 1:09 L0x1077* 
40 1:08 12х107% 
NH,NO, 40 1-05 8-5 х 1077 
(NH4,SO, 30 105 25х1077% 
60 1:05 40х1077 
90 1-01 3-0 x 1078 
NH,H;PO, 20 106 65x 1078 
30 1:02 30х107% 
30 1:05 1-1x 1077 
40 1-02 70 х 1078 
MgSO, - 7H,O 20 102 45х10-8* 
30 1501 8-0 x 107 §* 
30 1:02 15х1077% 
МІ8О,-(МН,),5О,:6Н;О 25 1-03 5-2 x 1079 
25 1:09 26х107% 
23 1:20 40x 1078 
K,SO,  AL(SO,), - 24H,O 15 104. 14х10-8* 
30 1:04 2-8 x 10-8* 
30 1-09 14 х 1077" 
40 1:03 5-6 x 107 8* 
ка 20 102 20x1077 
40 1-01 60х 10-7 
KNO, 20 1055 45х107% 
40 1:05 1-5 х 10-7 
к,50, 20 1-09 2-8 x 197 8* 
20 118 14х10-% 
30 1-07 4:2х10-8* 
50 1:96 70 х 10-8* 
50 112 32x1077* 
KH;PO, 30 107 30x1075 
3 121 29x107 
% 1-06 50x 10-8 
40 1-18 48x1077 
NaCl 50 1002 25x 10-8 
50 1-003 6:5 х 10-8 
70 1:002 90х107% 
70 1-003 b5x1077 
Ма,5,0,:5Н,0 30 109 11х107 
30 1-08 50х1077 
Citric acid monohydrate 25 1505 3-0 х 10-8 
30 1001 — 10х10-8 
30 105 490х10-8 
Sucrose 30 1-13 1-1 x 107 8* 
30 1:27 2-1 х 10-8* 
79 1:09 9-5 x 1078 
70 1-15 1-5 х 10-7 





"The supersaturation is expressed by 5 = СІС, with C the amount 
dissolved and C, the normal solubility (kg crystals/kg water). The mean 
growth velocity is that at one face of the crystal; the length increase is 
С = 29 (m/sec). Data are for crystals in the size range 0.5—1.0 mm in the 
presence of other crystals. The asterisk denotes that the growth rate 
probably is size-dependent. 

(Mullin, 1972). 
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EXAMPLE 16.5 14ӣ FEIHT “INCREMENT іс" 
Batch Crystallization with Seeded Liquor 158 РЕТНТ "ВЗИУММАТТОН="; 5 
Seed crystals with this size distribution are charged to a batch i68 PRINT "HEIGHT RATIO=";5-. AZ 
crystallizer: 94435 
1?8 ЕНО 
Ly, length (mm) 0.251 0.178 0.127 0.089 0.064 
w (wt fraction) 0.09 0.26 0.45 016 0.04 
; . W L L +L 
On the basis of the McCabe AL law, these results will be found: —с— —о— 
а. The length increment that will result in a 20-fold increase іп mass se if aH 
of the crystals. . 4: 1278 
b. The mass growth corresponding to the maximum crystal length H Е . asus 
of 1.0 mm. ‚Йй Beta 
When L is the increment in crystal length, the mass ratio is INCRE MENT L= А a y NH 
SUMMATION= 86393455126 
R Yw(Ly*LY У w(Lo + LP NT WEIGHT ЕНТІП- i1.88Bgmzzüz4 
Хи) 7 0.09346 
a. By trial, the value of L — 0.2804 mm. 
ЕТЕДІ .é&8 Jive 4584 
The size distributions and the computer program are tabulated. саса сіз? дата 
. 166 .835 694 
= 848 . 864 3444 
ій | Example 16.4. Batch crrszta 
llizat ion with Seeded liauor INCREMENT L= .2884 
а SUMMATION= ?.86758511336Е-2 
салас US WEIGHT RATIO= 19.9562514763 
зи MAT READ LAH _ 
ай DATA .251..175. 127. 885. 86 
4..89. 26, 45, 1вЕ, 44 
ей INPUT L 
Ba S-H А 2251 1.8008 
ға FOR 1=1 ТП 5 .178 9278 
38 ТЕСТЕ Seeds сіз? “аран 
іва ERES PM авз ($354 
iia USING 128 ; МІХ. LACI? ЕГЕ івізп 
Са I +L 
iz МЯСЕ . 000.25, 000.29. 0. 0000 INCREMENT L= 749 
138 НЕХТ I SUMMATION= .715256668218 
135 PRINT WEIGHT RRTIU- 181.789842434 
nuclei but they are generated in the tank. The balance on the where 
number of crystals is К 
t- VQ (16.8) 
rate of generation — rate of efflux 
or is the mean residence time and 
y 2 - Qn. (16.5) Ts 
t x=L/Gt=t/t (16.9) 
Upon substituting for the linear growth rate 
is the dimensionless time. Integration of the equation 
G=dL/dt (16.6) 
А "дп 1 [^ 
and rearranging, „л G І dL (16.10) 
О aen ^" 


сү VG iG 


n = n? exp( - L/Gt) = n? exp(—x), 


(16.11) 


TABLE 16.4. Some Common Substances for which 
Crystallization Data Are Reported in the 
Literature and in Patents? 





Compound Remark or aspect referred to 

Ag-halides 

Ag;Cr О, growth kinetics 

Al F3 

Al;O;-corundum 

Al NH, ($04): 

ALK (504); influence of supersaturation 

AI (OH); 

HBO; 

Ма:В,О- oleic acid conducive 

Ва5О, nucleation 
growth 
habit 

BaCO; 

BaTiO, 

CaSO, cittates, SO4, elevated temp. 

CaCO; metaphosphate conducive 

CaCl, 

Са(МОз); 

K,Cr,0, rhythmic crystallisation 

CuSO, excess H;SO, detrimental 

CuCl, 

FeSO, 

н.о nucleation 
growth 

МН. nucleation 

K-halides Pb?*, Zn?* conducive 

KH;PO; 

KNO, 

K;SQ, 

K;CrO,; 

MgSO, t = 45°C, borax conducive 

MgCl, 

MnCl, 

LiF 

Lic} 

Li,SO, 

NaCl Pb, Fe, Al, Zn conducive; caking 
inhibited by ferrocyanides ; urea leads 
to octahedral prisms 

Ма:СО; Na,SO, conducive 

NaHCO, 

Na;SO, wetting agents conducive 

Na;S;0; 

NaClO, 

NaCN 

NHNO, paraffin, urea, dyes 
methods of crystallising 
effect of additives: conducive 

(NH4); SO, urea, Fe? *, Mg? *, tannin, pH5; 
АР" and Fe?* lead to needle 
formation 
removal of admixtures 
crystal growth 
methods of crystallising 

(NH4)25205 

NH,HCO; coarse grained, stabilisation 

NH,Cl Zn* *, Pb* *, NH,*, wood extract 

HPO, 

NH4H;PO, Fe?* and МН? conducive 

(МН.),НРО. 

NiSO, 

Pb(NO;), 

РЫСО; 
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Compound Remark or aspect referred to 

5:50. 

ZnSO, 

anthracene 

adipic acid 

sugars 

сігіс acid 

phenols 

xylenes 

naphthalene 

paraffin 

urea methods and parameters of 
crystallisation 
NH,Cl, МЕСО; 
glyoxal, cyanuric acid 
surface-active agents 

Na-acetate 

NaK-tartarate 

pentaerythrite 

pepsine 

terephthalic acid 


? (The references, some 400 in number, are given by Nyvit, 1971 
Apnendix A). 


where 


dn 
бои рада 
DIE 


(16.12) 
is the concentration of crystals of zero length which are the nuclei; it 
also is called the zero size population density. 

The nucleation rate is 


dn dL dn 

? — lim — = li cabe nd 
non do E ( dt a.) (16.13) 
= Сиб. (16.14) 





Figure 16.7. Material balancing of continuous stirred tank 
crystallizers (CSTC). (a) The single stage CSTC. (b) Multistage 


battery with overall residence time £ = (1/Q) Et V. 


536 CRYSTALLIZATION FROM SOLUTIONS AND MELTS 


The number of crystals per unit volume is 


n= f ndL= І n? exp( -L/Gt) dL = п СЕ. (16.15) 
0 0 
The total mass of crystals per unit volume is 
m, = І mn dL = І а,р.1?по exp( — L/Gt) dL 
0 0 
= 6a, р.п (СР), (16.16) 


where a, is the volumetric shape factor and p, the crystal density. 
Accordingly, the number of crystals per unit mass is 
nim, = 1/6a,p, (Gt). (16.17) 


The mass of crystals per unit volume with length less than L or with 
dimensionless residence time less than x is 


L X 
m; = І mn dL = ap nne xe dx. (16.18) 
0 0 
The value of the integral is 
І xe dx = 6[1 —e “(1 + x + х?/2 + x?/6)]. (16.19) 
0 


This expression has a maximum value at x=3 and the 
corresponding length L,, is called the predominant length 


Ly, = 3Gt. (16.20) 
The cumulative mass distribution is 

фт = m,[m,-1—e *(1 +x + x?/[2 + x7/6), (16.21) 
and the differential mass distribution is 

d$, / dx = x?e 7/6, (16.22) 


which has a maximum value of 0.224 at x =3. 

The nucleation rate must generate one nucleus for every crystal 
present in the product. In terms of M', the total mass rate of 
production of crystals, 


o, M' М  15M' 
В “nlm. бар (СОР а,р.15,` (16.23) 





The principal quantities related by these equations are фи, 
аф„/ах, L, Ly; t, n°, and B°. Fixing a certain number of these will 
fix the remaining one. Size distribution data from a CSTC are 
analyzed in Example 16.6. In Example 16.7, the values of the 
predominant length L,, and the linear growth rate С are fixed. 
From these values, the residence time and the cumulative and 
differential mass distributions are found. The effect of some 
variation in residence time also is found. The values of n° and B? 
were found, but they are ends in themselves. Another kind of 
condition is analyzed in Example 16.4. 


MULTIPLE STIRRED TANKS IN SERIES 


Operation in several tanks in series will provide narrower size 
distributions. Equations were developed by Nyvlt (1971) for two 
main cases. With generation of nuclei in the first stage only, the 


cumulative and differential distributions for К stages are 


k42 jj 
=1-е6 ym 16.24 
Pm 2p (16.24) 
dé, Ку Eris 
пе“ (16.25) 


The multistage distributions are plotted in Figure 16.8 for several 
values of the number of stages. Maxima of the differential distri- 
butions occur at 





Xmax = 1+2/k, (16.26) 

and the values of those maxima are represented by 
44) k**?( Bs 2/ky? 
= -(k + 2)]. Р 

( dm) temp БАР) (16.27) 
Some numerical values are: 
k 1 2 3 4 5 10 
Xmax 3 2 1.67 1.5 1.4 1.2 
(аф,,/дх),,., 0.224 0.391 0.526 0.643 0.745 1.144 


Nyvlt (1971) also develops equations for multistage crystallizers 
in which nuclei form at the same rate in all stages. For two such 
stages, the cumulative distribution is represented by 


Gm 71—0.5e ?[1 + x + x?/2 + x7/6] 

—0.5e 7*[1 + 2х + 2x? + (4/3)? + (2/3)x^]. (16.28) 
A comparison of two-stage crystallizers with nucleation in the first 
stage only and with nucleation in both stages appears in Figure 16.9. 
The uniformity of crystal size is not as good with nucleation 
proceeding in every stage; the difference is especially pronounced at 
larger numbers of stages, which are not shown here but are by Nyvlt 
(1971). 

As in the operation of chemical reactors, multistaging requires 
Shorter residence time for the same performance. For the same L/G 
ratio, the relative crystallization times of k stages and one stage to 
reach the peaks are given by Eq. (16.26) as 

tft, = (1 + k/2)/3, (16.29) 
which is numerically 0.4 for five stages. Not only is the time 
shortened, but the size distribution is narrowed. What remains is 
how to maintain substantial nucleation in only the first stage. This 
could be done by seeding the first stage and then operating at such 
low supersaturation that spontaneous nucleation is effectively 
retarded throughout the battery. Temperature control also may be 
feasible. 


APPLICABILITY OF THE CSTC MODEL 


Complete mixing, of course, is not practically realizable and in any 
event may have a drawback in that intense agitation will cause much 
secondary nucleation. Some rules for design of agitation of solid 
suspensions are discussed in Chapter 10, notably in Table 10.2; 
internal velocities as high as 1.0 ft/sec may be desirable. 

Equations can be formulated for many complex patterns, 
combinations of mixed and plug flow, with decanting of supernatant 
liquor that contains the smaller crystals and so on. А modification 
to the CSTC model by Jancic and Garside (1976) recognizes that 
linear crystal growth rate may be size-dependent; in one instance 


16.5. KINDS OF CRYSTALLIZERS 537 





EXAMPLE 16.6 

Analysis of Size Distribution Data Obtained in а CSTC 
Differential distribution data obtained from a continuous stirred 
tank crystallizer are tabulated. 


w L Yyw/D 
0.02 0.340 0.5089 
0.05 0.430 1.1377 
0.06 0.490 1.6477 
0.08 0.580 2.0577 
0.10 0.700 2.3493 
0.13 0.820 2.5851 
0.13 1.010 2,7112 
0.13 1.160 2.7945 
0.10 1.400 2.8310 
0.09 1.650 2.8510 
0.04 1.980 2.8562 
0.03 2.370 2,8584 


The last column is of the summation Ў2 w,/L? at corresponding 
values of crystal length 1. The volumetric shape factor is 
а, = 0.866, the density is 1.5 g/mL, and the mean residence time 
was 2.0 hr. The linear growth rate G and the nucleation rate B? will 
be found. 

Тһе number of crystals per unit mass smaller than size L is 


It is also related to the CSTC material balance by 
dN/dL = n = n? exp(- L/Gt). (2) 
Integration of Eq. (2) is 
L 
М- І n? exp( - L/Gt) dL = Ст 1 ~ exp(- L/Gt)]. (3) 
Combining Eqs. (1) and (3), 


> wi = apGtn?[1 — exp(- L/Gt)]. (4) 


The two unknowns С and п? may be found by nonlinear regression 
with the 12 available data for L, However, two representative 


values of L; are taken here, and the unknowns are solved for by 
simultaneous solution of two equations. When 


1,-0.58, >; = 2.0577, 
1,-1.40, У =2.8310. 


Substituting into Eq. (4) and ratioing, 


2.8310 1— exp(—1.4/Gr) . 
2.0577 1-— exp(—0.58/Gr) ' 





by trial, 


Gt = 0.5082 
G = 0.5082/2 = 0.2541. 


With L — 1.4 in Eq. (4), 
2.8310 = 0.866(1.5)(0.5082)n?[1 — exp(—1.4/0.5082)], 
from which 


n? = 4,58 nuclei/mm* 
= 4.58(10)? nuclei/m?. 


Accordingly, 
В = Gn? = 0.2541(10) ?(4.58)(10)? = 1.16(10)? nuclei/m? hr. 
The cumulative mass size distribution is represented by 
$,-71—e7(0 t x х?/2 + x6) 
with 
x = L/Gt = 1.10.5082. 


This distribution should be equivalent to the original one, but 
may not check closely because the two points selected may not have 
been entirely representative. Moreover, although the data were 
purportedly obtained in a CSTC, the mixing may not have been 
close to ideal. 





they find that 
G = @°(1 + L/C S. 


Other studies have tried to relate sizes of draft tubes, locations and 
sizes of baffles, circulation rate, and so on to crystallization 
behavior. So far the conclusions are not general enough to do a 
designer much good. A possibly useful concept, the separation 
index (SI), is mentioned by Mullin (1976, p. 293): 


SI = (kg of 1 mm equivalent crystals)/m? hr. 


For inorganic salts in water at near ambient temperature, a value of 
SI in the range of 100-150kg/m?/hr may be expected. An 
illustration of the utilization of pilot plant data and plant experience 
in the design of a urea crystallizer is in Example 16.1. 

In general, the design policy to be followed is to utilize as much 


laboratory and pilot plant information as possible, to work it into 
whatever theoretical pattern is applicable, and to finish off with a 
comfortable safety factor. There may be people who know how; 
they should be consulted. 


16.5. KINDS OF CRYSTALLIZERS 


The main kinds of crystallizers are represented in Figure 16.10. 
They will be commented on in order. Purification of products of 
melt crystallization is treated separately. 

Batch crystallizers are used primarily for production of fine 
chemicals and pharmaceuticals at the rate of 1-100 tons/week. The 
one exception is the sugar industry that still employs batch vacuum 
crystallization on a very large scale. In that industry, the syrup 
is concentrated in triple- or quadruple-effect evaporators, and 
crystallization is completed in batch vacuum pans that may or may 
not be equipped with stirrers [Fig. 16.11(g)]. 
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EXAMPLE 16.7 

Crystallization in а Continuous Stirred Tank with Specified 

Predominant Crystal Size 
Crystals of citric acid monohydrate are to made іп a CSTC at 30°С 
with predominant size L,,— 0.833 mm (20 mesh). The density is 
1.54 g/mL, the shape factor а, = 1 and the solubility is 39.0 wt %. A 
supersaturation ratio С/С. = 1.05 is to be used. 

Take the growth rate, G = 20, to be one-half of the value given 
in Table 16.3: 


С = dL/d0 = 4(107%) m/sec, 0.144 mm/hr. 

The predominant size is related to other quantities by 
Lpr = 0.833 = 3Gt, 

from which 
t = 0.833/(3)(0.144) = 1.93 hr. 


For a mass production rate of 15 kg/hr of crystals, C = 15, the 
nucleation rate is 


o 15C _ 1.5(15) 
a,p,L», 1(1.5)[0.833(E — 3)P 


-2.595(10)19 nuclei/m? hr. 





The zero size concentration of nuclei is 
n? = ВОС -2.595(10)19/4(10) 5 = 6.49(10)*” nuclei/m?. 
Accordingly, the equation of the population density is 
n = n? exp(- L/Gt) = exp(41.01 — 3601). 
The cumulative mass distribution is 
Om 71-6 (0 +x + х?/2 + 2/6), 
where 


х= {Сї = 3.601, with L in mm. 


The differential distributions are differences between values of $,, 
at successive values of crystal length L. The tabulation shows 
cumulative and differential distributions at the key f = 1.93 hr, and 
also at 1.5 and 3.0 hr. The differential distributions are plotted and 
show the shift to larger sizes as residence time is increased, but the 
heights of the peaks are little affected. 


%-1.5һ t= 1.93 h t= 3.0 h 
Mesh mm Cum Diff Cum Diff Cum Diff 
оо 1.0000 .0002 1.0000 .0020 1.0000 .0517 
6 3.327 .9998 .0010 .9980 .0068 .9483 .0623 
7 2.794 .9989 .0041 .9912 .0185 .8859 .0913 
8 2.362 .9948 ,0136 .9728 .0424 .7947 .1226 
9 1.981 .9812 .0350 .9304 .0778 .6720 .1410 
10 1.651 .9462 .0603 .8526 .1021 .5310 .1260 
12 1.397 .8859 .0983 .7505 .1322 .4051 .1183 
14 1.168 .7876 .1152 .6183 .1278 .2868 .0873 
16 .991 .6724 ,1343 .4905 .1268 .1995 .0693 
20 .833 .5381 .1304 .3637 .1071 .1302 ..0482 
24 .701 .4076 .1157 .2565 .0845 .0820 .0323 
28 .589 .2919 .0929 .1720 .0614 .0497 .0204 
32 .495 .1990 .0684 .1106 .0416 .0293 .0123 
35 .417 .1306 .0483 .0690 .0274 .0169 .0074 
42  .351 .0823 .0324 .0416 .0173 .0096 .0043 
48  .295 .0499 .0312 .0243 .0108 .0053 .0025 
60 .246 .0287 .0119 .0135 .0058 .0028 .0013 
65  .208 .0168 .0073 .0077 .0034 .0015 .0007 
80 .175 г0095 .0043 .0042 .0019 .0008 .0004 
100 .147 20052 .0037 .0023 .0016 .0004 .0003 
150 .104 .0015 .0011 .0006 .0005 .0001 .0001 
200 .074 .0004 .0004 .0002 .0002 .0000 .0000 
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Natural circulation evaporators like those shown on Figure 8.16 
may be equipped for continuous salt removal and thus adapted to 
crystallization service. For large production rates, however, forced 
circulation types such as the DTB crystallizer of Figure 16.10(g), 
with some control of crystal size, are the most often used. The 
lower limit for economic continuous operation is 1-4 tons/day of 
crystals, and the upper limit in a single vessel is 100—300 tons/day, 
but units in parallel can be used for unlimited capacity. 

Many special types of equipment have been developed for 
particular industries, possibly extreme examples being the simple 
open ponds for solar evaporation of brines and recovery of salt, and 
the specialized vacuum pans of the sugar industry that operate with 
syrup on the tubeside of calandrias and elaborate internals to 
eliminate entrainment. Some modifications of basic types of 
crystallizers often carry the inventor's or manufacturer's name. For 
their identification, the book of Bamforth (1965) may be consulted. 

The basic equipment descriptions following carry the letter 
designations of Figure 16.10. 


(a) Jacketed pipe scraped crystallizers. These are made with 
inner pipe 6-12 in. dia and 20—40 ft long, often arranged in tiers of 
three or more connected in series. Scraper blades rotate at 
15-30 rpm. Temperatures of —75 to +100°F have been used and 
viscosities in excess of 10,000 cP present no problems. Although the 
action is plug flow with tendency to uniform crystal size, the larger 
particles settle to the bottom and grow at the expense of the smaller 
ones that remain suspended, with the result that a wide range of 
sizes is made. Capacity is limited by rates of heat transfer; 
coefficients of 10-25 Btu/(hr)(sqft)F) usually are attainable. 
Higher coefficients are obtainable in Votators (Cherry Burrell Co.) 
that have more intense scraping action. Pilot units of 4in. by 4ft 
and larger are made. 

(b) Swenson- Walker type. In comparison with jacketed pipes, 
they have the advantage of being more accessible for cleaning. The 
standard unit is 24 in. wide, 26 in. high, and 10 ft long. Four units in 
line may be driven off one shaft. Capacity is limited by heat transfer 
rates which may be in the range of 10-25 Btu/(hr)(sqft)(°F), with an 


Fraction smaller than L 





9 ти 10 
L/Gt = t/ t 


(a) 


Differential distribution 





Figure 16.8. Theoretical crystal size distributions from an ideal 
stirred tank and from a series of tanks with generation of nuclei 
only in the first tank. Equations of the curves and for the peak 
values аге in the text. (а) Cumulative distributions. (b) Differential 
distributions. 


effective area of 3 sqft/ft of length. According to data in Chemical 
Engineers’ Handbook (rd ed., McGraw-Hill, New York, 1950, p. 
1071), a 40ft unit is able to produce 15tons/day of trisodium 
phosphate, and a 50 ft unit can make 8 tons/day of Glaubers salt. 
Тһе remarks about crystal size distribution made under item (a) 
apply here also. 

(c) Batch stirred and cooled types. Without agitation, crystall- 
ization time can be 2-4days; an example is given in Chemical 
Engineer's Handbook (1950, p. 1062). With agitation, times of 2-8 hr 
are sometimes cited. The limitation is due to attainable rates of heat 
transfer. Without encrustation of surfaces by crystals, coefficients of 
50-200 Btu/(hr)(sqft)(°F) are realizable, but temperature differences 
are maintained as low as 5—10°Е in order to keep supersaturation at a 
level that prevents overnucleation. Stirring breaks corners off crystals 
and results in secondary nucleation so that crystal size is smaller than in 
unagitated tanks. Larger crystal sizes are obtained by the standard 
practice of seeding with an appropriate range of fine crystals. 
Calculation of the performance of such an operation is made in 
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10 





Figure 16.9. Cumulative size distribution in continuous stirred 
tanks. (a) one tank; (b) two tanks in series, nucleation in both; (c) 
two tanks in series, nucleation in only the first. 


Example 16.5. Teflon heat transfer tubes that are thin enough to flex 
under the influence of circulating liquid cause a continual descaling that 
maintains good heat transfer consistently, 20-65 Btu/(hr)(sqft)(^F). 
Circulating types such as Figures (d) and (e) often are operated in batch 
mode, the former under vacuum if needed. High labor costs keep 
application of batch crystallizers to small or specialty production. 

(d) Circulating evaporators. Some units are built with internal 
coils or calandrias and are simply conventional evaporators with 
provisions for continual removal of crystals. Forced circulation and 
external heat exchangers provide better temperature control. High 
velocities in the tubes keep the surfaces scoured. Temperature rise is 
limited to 3-10?F per pass in order to control supersaturation and 
nucleation. Operation under vacuum often is practiced. When the 
boiling point elevation is not excessive, the off vapors may be 
recompressed and used again for heating purposes. Multiple effect units 
inseries for thermal economy may be used for crystallizing evaporators 
as they are for conventional evaporation. Pilot units of2 ftdia are made, 
and commercial units up to 40 ft dia or so. 

(e) Circulating cooling crystallizers. Such operations аге 
feasible when the solubility falls sharply with decreasing tempera- 
ture. Coolers usually are applied to smailer production rates than 
the evaporative types. Cooling is 1-2°F per pass and temperature 
differences across the tubes are 5—15°Е. 

The special designs of Figure 16.11 mostly feature some control 
of crystal size. They are discussed in order. 

(a) Draft tube baffle (DTB) crystallizer. The growing crystals 
are circulated from the bottom to the boiling surface with a slow 
moving propeller. Fine crystals are withdrawn from an annular 
space, redissolved by heating to destroy unwanted nuclei and 
returned with the feed liquor. The temperature rise caused by 
mixing of heated feed and circulating slurry is 1-2°F. The fiuidized 
bed of large crystals at the bottom occupies 25-50% of the vessel 
volume. Holdup time is kept sufficient for crystal growth to the 
desired size. Products such as KCI, (NH4),SO,, and (NH,)H,PO, 
can be made in this equipment in the range of 6-20 mesh. Reaction 
and crystallization can be accomplished simultaneously in DTB 
units. The reactants can be charged into the recirculation line or 
into the draft tube. Exampies are the production of ammonium 
sulfate from ammonia and sulfuric acid and the neutralization of 
waste acids with lime. The heat of reaction is removed by evapor- 
ation of water. 

(b) Direct contact refrigeration. Such equipment is operated as 
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Figure 16.10. Basic types of batch and continuous crystallizers. (a) Jacketed scraped pipe and assembly of six units (Riegel, Chemical Process 
Machinery, Reinhold, N.Y., 1953). (b) Swenson- Walker jacketed scraped trough (Swenson Evaporator Co., Riegel, 1953). (c) Batch stirred 
tank with internal cooling coil (Badger, and McCabe, Elements of Chemical Engineering, McGraw-Hill, New York, 1936). (d) 
Crystallization by evaporation, with circulation through an external heater (Schweitzer, loc. cit., p. 2.170). (e) Crystallization by chilling, 
with circulation through an external cooler. (P.A. Schweitzer, Ed., Handbook of Separation Techniques for Chemical Engineers, 
McGraw-Hill, New York, 1979, p. 2.166). 
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Figure 16.11. Examples of special kinds of crystallizers. (a) Swenson draft tube baffle (РТВ) crystallizer; crystals are brought to the 
surface where growth is most rapid, the baffle permits separation of unwanted fine crystals, resulting in control of size. (b) Direct 
chilling by contact with immiscible refrigerant, attains very low temperatures and avoids encrustation of heat transfer surfaces. Freons 
and propane аге in common use. (c) Oslo “Krystal” evaporative classifying crystallizer. Circulation is off the top, the fine crystals are 
destroyed by heating, large crystals grow in the body of the vessel. (d) Twinned crystallizer. When one chamber is maintained slightly 
supersaturated and the other slightly subsaturated, coarse crystals can be made. (Nyvit, 1971). (e) APV-Kestner long tube salting 
evaporator; large crystals (0.5 mm or so) settle out. (f) Escher-Wyss or Tsukushima DP (double propeller) crystallizer. The double 
propeller maintains upward flow in the draft tube and downward flow in the annulus, resulting in highly stable suspensions. (g) A 


vacuum pan for crystallization of sugar (Honolulu Iron Works). 


Figure 16.11—(continued) 
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low as —75°F. Essentially immiscible refrigerant is mixed with the 
liquor and cools it by evaporation. The effluent refrigerant is 
recovered, recompressed, and recycled. Direct contacting elimin- 
ates the need for temperature difference across a heat transfer tube 
which can be economically more than 5-15?F, and also avoids 
scaling problems since the liquor must be on the outside of the 
tubes when refrigerant is used. Examples are crystallization of 
caustic with freon or propane and of p-xylene with propane 
refrigerant. 

(c) Oslo "Krystal" evaporative classifying crystallizer. The 
supernatant liquid containing the fines is circulated through the 
external heater where some of the fines are redissolved because of 
the temperature rise. The settled large crystals are withdrawn at the 
bottom. The recirculation rate is much greater than the fresh feed 
rate. In one operation of MgSO,.7H,O crystallization, fresh feed 
saturated at 120°С is charged at 2000 kg/hr to the vessel maintained 
at 40°С and is mixed with a recirculated rate of 50,000 kg/hr to 
produce a mixture that is temporarily at 43?C, which then 
evaporates and cools. Vessel sizes as large as 15 ft dia and 20 ft high 
are mentioned in the literature. The same principle is employed 
with cooling type crystallization operations. 

(d) Twinned crystallizer. Feed is to the right chamber. The 
rates of recirculation and forward feed are regulated by the position 
of the center baffle. Improved degree of uniformity of crystal size is 
achieved by operating one zone above saturation temperature and 
the other below. Fine particles are dissolved and the larger ones 
grow at their expense. Even with both zones at the same 
temperature, the series operation of two units in series gives more 
nearly uniform crystal size distribution than can be made in a single 
stirred tank. It is not stated if any such crystallizers are operated 
outside Nyvlt's native land, Czechoslovakia, that also produces very 
fine tennis players (Lendl, Mandlikova, Navratilova, Smid, and 
Sukova). 

(e) APV-Kestner long tube vertical evaporative crystallizers are 
used to make small crystals, generally less than 0.5 mm, of a variety 
of substances such as NaCl, Na,SQ,, citric acid, and others; fine 
crystals recirculate through the pump and heater. 

(£) Escher-Wyss (Tsukushima) double propeller maintains flow 
through the draft tube and then annulua and maintains highly stable 
suspension characteristics. 

(g) Sugar vacuum pan. This is an example of the highly 
specialized designs developed in some long-established industries. 
Preconcentration is effected in multiple effect evaporators; then 
crystallization is accomplished in the pans. 


16.6. MELT CRYSTALLIZATION AND PURIFICATION 


Some mixtures of organic substances may be separated advan- 
tageously by cooling and partial crystallization. The extent of such 
recovery is limited by the occurrence of eutectic behavior. 
Examples 16.2 and 16.8 consider such limitations. Sometimes these 
limitations can be circumvented by additions of other substances 
that change the phase equilibria or may form easily separated 
compounds with one of the constituents that are subsequently 
decomposed for recovery of its constituents. 

Thus the addition of n-pentane to mixtures of p-xylene and 
m-xylene permits complete separation of the xylenes which form a 
binary eutectic with 11.8% para. Without the n-pentane, much para 
is lost in the eutectic, and none of the meta is recoverable in pure 
form. А detailed description of this process is given by Dale (1981), 
who calls it extractive crystallization. Other separation processes 
depend on the formation of high melting molecular compounds or 
clathrates with one of the constituents of the mixture. One example 
is carbon tetrachloride that forms а compound with p-xylene and 
alters the equilibrium so that its separation. from m-xylene is 
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facilitated. Hydrocarbons form high-melting hydrates with water; 
application of propane hydrate formation for the desalination of 
water has been considered. Urea forms crystalline complexes with 
straight chain paraffins such as the waxy ingredients of lubricating 
oils. After separation, the complex may be decomposed at 75-80°С 
for recovery of its constituents. This process also is described by 
Dale (1981). Similarly thiourea forms crystalline complexes with 
isoparaffins and some cyclic compounds. 

Production rates of melt crystallization of organic materials 
usually are low enough to warrant the use of scraped surface 
crystallizers like that of Figure 16.10(a). A major difficulty in the 
production of crystals is the occlusion of residual liquor on them 
which cuts the overall purity of the product, especially so because of 
low temperatures near the eutectic and the consequent high 
viscosities. Completeness of removal of occluded liquor by 
centrifugation or filtration often is limited because of the fragility 
and fineness of the organic crystals. 


MULTISTAGE PROCESSING 


In order to obtain higher purity, the first product can be remelted 
and recrystallized, usually at much higher temperatures than the 
eutectic so that occlusion will be less, and of course at higher 
concentration. In the plant of Figure 16.12, for instance, occlusion 
from the first stage is 22% with a content of 8% p-xylene and an 
overall purity of 80%; from the second stage, occlusion is 9% with a 
PX content of 42% but the overall purity is 95% PX; one more 
crystallization could bring the overall purity above 98% or so. 

Because the handling of solids is difficult, particularly that of 
soft organic crystals, several crystallization processes have been 
developed in which solids do not appear outside the crystallizing 
equipment, and the product leaves the equipment in molten form. 
For organic substances, crystalline form and size usually are not of 
great importance as for products of crystallization from aqueous 
solutions. ЇЇ needed, the molten products can be converted into 
flakes or sprayed powder, or in extreme cases they can be 
recrystallized out of a solvent. 


THE METALLWERK BUCHS PROCESS 


Тһе Metallwerk Buchs (MWB) process is an example of a batch 
crystallization that makes a molten product and can be adapted to 
multistaging when high purities are needed. Only liquids are 
transferred between stages; no filters or centrifuges are needed. As 
appears on Figure 16.13, the basic equipment is a vertical thin film 
shell-and-tube heat exchanger. In the first phase, liquor is 
recirculated through the tubes as a film and crystals gradually freeze 
out on the cooled surface. After an appropriate thickness of solid 
has accumulated, the recirculation is stopped. Then the solid is 
melted and taken off as product or transferred to a second stage for 
recrystallization to higher purity. 


PURIFICATION PROCESSES 


As an alternative to multistage batch crystallization processes with 
their attendant problems of material handling and losses, several 
types of continuous column crystallizers have been developed, in 
which the product crystals are washed with their own melts in 
countercurrent flow. Those illustrated in Figures 16.14-16.17 will be 
described. Capacities of column purifiers as high as 500 gal/(hr) 
(sqft) have been reported but they can be less than one-tenth as 
much. Lengths of laboratory size purifiers usually are less than three 
feet. 


Schildknecht Column [Fig. 16.14(a)]. This employs a rotating 
spiral or screw to move the solids in the direction against the flow of 
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EXAMPLE 16.8 

Crystallization from a Ternary Mixture 
The case is that of mixtures of the three isomeric nitrotoluenes for 
which the equilibrium diagram is shown. Point P on the diagram has 
the composition 0.885 para, 0.085 meta, and 0.030 ого. The 
temperature at which crystals begin to form must be found 
experimentally or it may be calculated quite closely from the heats 
and temperatures of fusion by a method described for instance by 
Walas (Example 8.9, Phase Equilibria іп Chemical Engineering, 
Butterworths, Stoneham, MA, 1985). It cannot be found with the 
data shown on the diagram. In the present case, incipient freezing is 
at 46°С, with para coming out at point P on the diagram. As cooling 


PARA 324.7 К 





EUTECTIC 256-9 К 
(-16:3 ?C) 


1009/5 
ORTHO 269 K (-4 °с) 


continues, more and more pure para crystals form. The path is 
along straight line PS which corresponds to constant proportions of 
the other two isomers since they remain in the liquid phase. At 
point 5, —13°C, which is on the eutectic trough of meta and ortho, 
the meta also begins to precipitate. Para and meta continue to 
precipitate along the trough until the ternary eutectic E is reached 

—40°С when complete solidification occurs. The cooling path is 
shown on the phase diagram. The recovery of pure para at 
equilibrium at various temperatures and the composition of the 
liquid phase are tabulated. (Coulson and Warner, A Problem in 
Chemical Engineering Design: The Manufacture of Mononitro- 
toluene, Inst. of Chem. Eng., Rugby, England, 1949). 
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the fluid. The conveyor is of open construction so that the liquid can 
flow through it but the openings are small enough to carry thc 
solids. Throughputs of 50 L/hr have been obtained in а 50 mm dia 
column. Because of the close dimensional tolerances that are 
needed, however, columns larger than 200 mm dia have not been 
successful. Figure 16.14(a) shows a section for the formation of the 
crystals, but columns often are used only as purifiers with feed of 
crystals from some external source. 


Philips Crystallization Process [Fig. 16.14(b)]. The purifying 
equipment consists of a vessel with a wall filter and a heater at the 


bottom. Crystals are charged from an external crystallizer and 
forced downwards with a reciprocating piston or with pulses from a 
pump. The washing liquid reflux flows from the melting zone where 
it is formed upward through the crystal bed and out through the 
wall filter. Pulse displacement is 0.3-0.6 cm/sqcm of column cross 
section, with a frequency of 200—250/min. For many applications 
reflux ratios of 0.05-0.60 are suitable. Evaluation of the proper 
combination of reflux and length of purifier must be made 
empirically. 

From a feed containing 65% p-xylene, а column 1000 заст іп 
cross section can make 99% PX at the rate of 550 kg/hr, and 99.8% 
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Figure 16.12. Humble two-stage process for recovery of p-xylene by 
crystallization. Yield is 82.596 of theoretical. ML — mother liquor, 
РХ = p-xylene (Haines, Powers and Bennett, 1955). 






Heat 
exchanger 


Residual 
liquor 


Cooling or 
heating 
fluid 

















Molten 
product 
receiver 











Recirculation 
pump 


Figure 16.13. MWB (Metallwerk Buchs) batch recirculating 
crystallizer, with freezing on and melting off insides of thin film heat 
exchanger tubes; adaptable to multistage processing without 
external solids handling (Miitzenberg and Saxer, 1971). 


PX at 100 kg/hr; this process has been made obsolete, however, by 
continuous adsorption with molecular sieves. Similarly, a feed of 
83 mol % of 2-methyl-5-vinyl pyridine has been purified to 95% at 
the rate of 550 g/hr cm? and 99.796 at 155 g/hr cm?. At one time, 
columns of more than 60 cm dia were in operation. 


Brodie Crystallizer-Purifier [Fig. 16.14(c)]. This equipment 
combines a horizontal scraped surface crystallizer with a vertical 
purifying section. The capacity and performance of the purifier 
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depends strongly on the sizes of the crystals that enter that zone. In 
order to ensure adequate crystal size, residence times in the 
crystallizing zone as long as 24hr may be needed. No data of 
residence times are stated in the original article. Some operating 
data on the recovery of para-dichlorbenzene from a mixture 
containing 75% of this material are reported for a purifier that is 
1.14 sqft cross section as follows, as well as data for some other 
materials. 


Reflux ratio 2 0.5 0.25 
Feed rate (gal/hr) 29 60 90 
Residue rate (gal/hr) 20 30 
Product rate (gal/hr) 20 40 60 
PDCB in residue (%) 25 25 


Product purity (96) 99.997 9999 99.5 

TNO Bouncing Ball Purifier (Fig. 16.15). The basis for this 
design is the observation that small crystals melt more readily and 
have a greater solubility than large ones. The purifier is a column 
with a number of sieve trays attached to a central shaft that 
oscillates up and down. As the slurry flows through the tower, 
bouncing balls on each tray impact the crystals and break up some 
of them. The resulting small crystals melt and enrich the liquid 
phase, thus providing an upward refluxing action on the large 
crystals that continue downward to the melting zone at the bottom. 
Reflux is returned from the melting zone and product is taken off. 

Specifications of a pilot plant column are: 


diameter, 80 mm, 

hole size, 0.6 X 0.6 mm, 
number of balls/tray, 30, 
diameter of balls, 12 mm, 
amplitude of vibration, 0.3 mm, 
frequency, 50/sec, 

number of trays, 13, 

tray spacing, 100 mm. 


For the separation of benzene and thiophene that form a solid 
solution, a tray efficiency of more than 40% could be realized. Flow 
rates of 100—1000 kg/m? hr have been tested. The residence time of 
crystals was about 30 min per stage. Eutectic systems also have been 
handled satisfactorily. A column 500 mm dia and 3 m long with 19 
trays has been built; it is expected to have a capacity of 300 tons/yr. 


Kureha Double-Screw Purifier (Fig. 16.16). This unit employs 
a double screw with intermeshing blades that express the liquid 
from the crystal mass as it is conveyed upward. The melt is formed 
at the top, washes the rising crystals countercurrently, and leaves as 
residue at the bottom. А commercial unit has an effective height of 
2.6m and a cross section of 0.31 m^. When recovering 99.97% 
p-dichlorbenzene from an 87% feed, the capacity is 7000 metric 
tons/yr. The feed stock comes from a tank crystallizer and filter. 
Data on other eutectic systems are shown, and also on separation of 
naphthalene and thiophene that form a solid solution; a purity of 
99.8796 naphthalene is obtained in this equipment. 


Brennan-Koppers Purifier (Fig. 16.17). This equipment 
employs top melting like the Kureha and wall filters like the Philips. 
Upward movement of the crystals is caused by drag of the flowing 
fluid. The crystal bed is held compact with a rotating top plate or 
piston that is called a harvester. It has a corrugated surface that 
scrapes off the top of the top of the bed and openings that permit 
the crystals to enter the melting zone at any desired rate. The melt 
flows downward through the openings in the harvester, washes the 
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Figure 16.14. Three types of crystal purifiers with different ways of transporting the crystals. (a) Spiral or screw conveyor type, laboratory 
scale, but successful up to 200 mm dia [Schildknecht, Z. Anal. Chem. 181, 254 (1961)]. (b) Philips purifier with reciprocating piston or pulse 
pump drive [McKay, Dale, апа Weedman, Ind. Eng. Chem. 52, 197 (1960)]. (с) Combined crystallizer and purifier, gravity flow of the crystals; 


purifier details on the right (Brodie, 1971). 
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Figure 16.15. ТМО Crystal Purifier (Arkenbout et al., 1976, 


1978). 
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upwardly moving crystals, and leaves through the sidewall filter as 
residue. The movement of crystals is quite positive and not as 
dependent on particle size as in some other kinds of purifiers. Data 
are given in the patent (U.S. Pat. 4,309,878) about purification of 
2,6-ditertiary butyl para cresol; the harvester was operated at 
40-60 rpm and filtration rates of 100 ib/(hr)(sqft) were obtained. 
Other information supplied directly by E.D. Brennan are that a 
24in. dia unit stands 9ft high without the mixer and that the 
following performances have been achieved: 


Diameter _ Purity (wt %) _ Prod. Rate 
(in.) Feed Product — (ib/hr/ft^) 


A. Pilot plant tests 


Acetic acid 3 83 99.85 100 
p-Dichlorbenzene 6 70 99.6 380 

Naphthalene (high 
sulfur) 6 68 98 220 
Di-t-butyl-p-cresol 3 85 99.1 210 
6 85 99.1 230 

B. Commercial operation 

Di-t-butyl-p-cresol 24 90 99.5 340 


All feeds were prepared in Armstrong scraped surface crystallizers. 





(с) 

Figure 16.16. Kureha continuous crystal purifier (КСР column) (Yamada, Shimizu, and Saitoh, in Jancic and DeJong, 
1982, pp. 265-270). (a) Flowsketch. (b) Dumbbell-shaped cross section at AA. (c) Details of column and screw 
conveyor. 
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Figure 16.17. Brennan-Koppers crystal purifier (Brennan, 1982). 
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CHEMICAL REACTORS 





17.1. DESIGN BASIS AND SPACE VELOCITY 


This chapter summarizes the main principles of chemical kinetics 
and catalysis; also it classifies and describes some of the variety of 
equipment that is suitable as chemical reactors. Because of the 
diversity of the behavior of chemical reactions, few rules are 
generally applicable to the design of equipment for such purposes. 
Reactors may be stirred tanks, empty or packed tubes or vessels, 
sheli-and-tube devices or highly specialized configurations, in any of 
which heat transfer may be provided. These factors are balanced in 
individual cases to achieve economic optima. The general rules of 
other chapters for design of pressure vessels, heat exchangers, 
agitators, and so on naturally apply to reactors. 


DESIGN BASIS 


Although the intent of this chapter is not detailed design, it is in 
order to state what is included in a proper design basis, for example 
at least these items: 


. Stoichiometry of the participating reactions. 

. Thermal and other physical properties. 

. Heats of reaction and equilibrium data. 

. Rate of reaction, preferably in equation form, relating it to 
composition, temperature, pressure, impurities, catalysts and so 
on. Alternately tabular or graphical data relating compositions 
to time and the other variables listed. 

. Activity of the catalyst as a function of onstream time. 

. Mode of catalyst reactivation or replacement. 

. Stability and controllability of the process. 

. Special considerations of heat and mass transfer. 

. Corrosion and safety hazards. 


d & КӘ ра 


№ се -3 CN Un 


REACTION TIMES 


In practical cases reaction times vary from fractions of a second to 
many hours. The compilation of Table 17.1 of some commercial 
practices may be a basis for choosing by analogy an order of 
magnitude of reactor sizes for other processes. 

For ease of evaluation and comparison, an apparent residence 
time often is used instead of the true one; it is defined as the ratio of 
the reactor volume to the inlet volumetric flow rate, 


tapp 


= V,/Vo. 


On the other hand, the true residence time must be found by 
integration, 


i= [avv | aene. 


Since the rate of reaction r and the volumetric flow rate V’ at each 
position depend on 7, P, and local molal flow rate n' of the key 
component of the reacting mixture, finding the true residence time 
is an involved process requiring many data. The easily evaluated 
apparent residence time usually is taken as adequate for rating sizes 
of reactors and for making comparisons. 

А related concept is that of space velocity which is the ratio of 
a flow rate at STP (60°F, 1 atm usually) to the size of the reactor. 
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Тһе most common versions of space velocities in typical units are: 


GHSV (gas hourly space velocity) = (volumes of feed as gas at 
STP/hr)/(volume of the reactor or its content of catalyst) - 
(SCFH gas feed)/cuft. 

LHSV (liquid hourly space velocity) = (Volume of liquid feed at 
60°F/hr)/volume of reactor or catalyst) = (ЅСЕН liquid 
feed)/cuft. 

WHSV (weight hourly space velocity) = (Ib of feed/hr)/(Ib of 
catalyst). Other combinations of units of the flow rate and 
reactor size often are used in practice, for instance. 

BPSD/Ib = (barrels of liquid feed at 60°F per stream day)/(Ib 
catalyst), but it is advisable to write out such units in each case 
to avoid confusion with the standard meanings of the given 
acronyms. Since the apparent residence time is defined in terms 
of the actual inlet conditions rather than at standard 7 and P, it 
is not the reciprocal of GHSV or LHSV, although the units are 
the same. 


17.2. RATE EQUATIONS AND OPERATING MODES 


The equations of this section are summarized and extended in 
Table 17.2. The term “rate of reaction" used here is the rate of 
decomposition per unit volume, 





„= а 


1 is ; 
uo таста mol/(unit time)(unit volume). (17.1) 


A rate of formation will have the opposite sign. When the volume is 
constant, the rate is the derivative of the concentration 


a 


dt ' 





at constant volume. (17.2) 


n=- 


In homogeneous environments the rate is expressed by the law of 
mass action in terms of powers of the concentrations of the reacting 
substances 


(17.3) 


When the reaction mechanism truly follows the stoichiometric 
equation 


УА + VpB +- - -— products, (17.41) 
the exponents are the stoichiometric coefficients; thus, 
Ta К(С.)4(С,)%---, (17.5) 


but о, В,::: often are purely empirical values—integral or 
nonintegral, sometimes even negative. 

The coefficient k is called the specific rate. It is taken to be 
independent of the concentrations of the reactants but does depend 
primarily on temperature and the nature and concentration of 
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Product 
(raw materials] 


Reactor 
Type phase Catalyst 


TABLE 17.1. Residence Times and/or Space Velocities in Industrial Chemical Reactors 


Conditions 


Т/С 


P, atm 


Residence 
time or 
space 
velocity 


Source 
and page 





. Acetaldehyde 
(ethylene, air) 

. Acetic anhydride 
(acetic acid) 

. Acetone (/-propanol) 

. Acrolein 
(formaldehyde, 
acetaldehyde) 

. Acrylonitrile (air, 
propylene, ammonia} 


. Adipic acid 
(nitration of 
cyclohexanol) 

. Adiponitrile 
(adipic acid) 

. Акуае (/-C4, 
butenes) 

. Alkylate (/-Сд, 
butenes) 

. Allyl chloride 
(propylene, Cl.) 


. Ammonia (Hz, М») 
. Ammonia (Н;, №) 


. Ammonia oxidation 

. Aniline 
(nitrobenzene, Н») 

. Aniline 
(nitrobenzene, Н») 


. Aspirin (salicylic 
acid, acetic anhydride} 
. Benzene (toluene) 


. Benzene (toluene) 


. Benzoic acid 
{toluene, air) 
. Butadiene (butane) 


. Butadiene (1-butene) 


. Butadiene sulfone 
(butadiene, $0.) 
. Butane (n-butane) 


. /-Butane (n-butane) 


. Butanols (propylene 
hydroformylation) 


. Butanols (propylene 
hydroformylation) 

. Calcium stearate 

. Caprolactam 
(cyclohexane oxime) 

. Carbon disulfide 
(methane, sulfur) 

. Carbon monoxide 
oxidation (shift) 


. Port. cement 


FB Cu and Pd 
chlorides 

TO Triethyl 
phosphate 

MT Ni 

FL MnO, silica 
gel 


FL Bi phosphomolybdate 


TO Co 
naphthenate 


FB HBO; 
H3PO, 
Н;50, 


НЕ 


М.А. 


Ғе 
Ғе 


Pt gauze 
FeCl; in H20 


Cu on 
silica 


None 
None 
None 
None 


Сг:Оҙ, Al;03 


None 


t-butyl 
catechol 
AICI4 on 
bauxite 

Ni 
PH3-modified 
Co carbonyls 


Fe penta- 
carbonyl 
None 
Polyphos- 
phoric acid 
None 


Cu-Zn or 
Ре>Оз 


50-100 
700-800 
300 
280-320 


400 


125-160 


370-410 


5-10 


500 


450 
450 


900 
95-100 


250-300 


90 
740 
650 

125-175 


750 
600 


34 
40-120 


370-500 
150-200 


110 


180 
80-110 


500-700 


390-220 


1400-1700 


8 


0.3 


6-40 тіп 
0.25-5 s 
2.5 В 
0.6 $ 


4.3 5 


2h 


3.5-5 $ 
350-500 GHSV 
5-40 min 


5-25 min 


0.3-1.5 s 

286 
7,800 GHSV 

33 s 
10,000 GHSV 


0.0026 s 
8h 


0.5-100 s 


21h 
48 s 
815 GHSV 
128 s 
0.2-2h 
0.1-1 s 
0.001 s 
34,000 GHSV 
0.2 LHSV 
0.5-1 LHSV 
1-6 WHSV 
100 g/L-h 
1h 


1-2h 
0.25-2 h 


1.0 $ 


4.5 $ 
7,000 GHSV 


10h 


[2] 1, 
[713 
[2] 


[7] 7 314 
[7] 7 384, 
[7] 33 


[3] 684, [2] 47 


[2] 51, 
[7] 49 


[7] 2 152, 
[7] 52 
[4] 223 


[4] 223 


[7] 2 416, 
[7] 67 


[6] 61 
[6] 61 


[6] 115 
(11 3 289 


[7 82 


[7] 89 


[6] 36, 
[9] 109 
[7] 4 183, 
[7] 98 

[7] 101 


[7] 118 
[3] 572 


[7] 5 192 


[4] 239, 
(7] 683 
[4] 239 
[7] 5 373 


[7] 125 


[7] 135 
[7] 6 73, 
[7 139 
[1] 6 322, 
[7] 144 
[6] 44 


[11] 
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TABLE 17.1—(continued) 
Residence 
time or 
Product Reactor Conditions space Source 
(raw materials) Type phase Catalyst TC P, atm velocity and page 
31. Chloral (Clo, CST LG None 20-90 | 140 h 7j 158 
acetaldehyde) 
32. Chlorobenzenes SCST LG Fe 40 1 24h 7] 8 122 
(benzene, Ci;) 
33. Coking, delayed TU LG None 490-500 15-4 2505 1108 
(heater) 
34. Coking, delayed B LG None 500-440 4 0.3-0.5 Ң/5 1108 
(drum, 100 ft max.) vapor 
35. Cracking, fluid- FL С SiO; AloOz 470-540 2-3 0.5-3 WHSV [4] 162 
catalytic 
36. Cracking, hydro- FB LG Ni, SiOz, 350-420 100-150 1-2LHSV [11] 
(gas oils) Al203 
37. Cracking (visbreaking TU LG None 470-495 10-30 450 6 11] 
residual oils) 8 LHSV 
38. Cumene (benzene, FB С HPO, 260 35 23 LHSV [77] 
propylene} 
39. Cumene CST L Metal 95-120 2-15 1-3 Һ 71191 
hydroperoxide porphyrins 
{ситепе, air) 
40. Cyclohexane (benzene, FB G Мі on ALO; 150-250 25-55 0.75-2 LHSV [7 201 
H3) 
41. Cyclohexanol SCST LG None 185-200 48 2-10 min 7] 203 
(cyclohexane, air) 
42. Cyclohexanone CST L М.А. 107 1 0.75 h 8] (1963) 
(cyclohexanol) 
43. Cyclohexanone MT G Cuon 250-350 1 4-12 $ 8] (1963) 
(сусіоһехапоі) pumice 
44. Cyclopentadiene TU С None 220-300 1-2 0.1-0.5 LHSV [7] 212 
(dicyclopentadiene) 
45. DDT (chloral, B L Oleum 0-15 1 8h 7} 233 
chiorobenzene) 
46. Dextrose (starch) CST L  H;SO4 165 1 20 min 8] (1951) 
47. Dextrose (starch) CST L Enzyme 60 1 100 min Й 217 
48. Dibutylphthalate B L Н;50, 150-200 1 1-3 h Й 227 
(phthalic anhydride, 
butanol) 
49. Diethylketone TO L Co oleate 150-300 200-500 0.1-10 h 7] 243 
(ethylene, CO) 
50. Dimethylsulfide FB С А.О: 375-535 5 150 GHSV [7] 266 
(methanol, CS;) 
51. Dipheny! (benzene) MT G None 730 2 0.6 s 7] 275, 
3.3 LHSV [8] (1938) 
52. Dodecylbenzene CST L АС: 15-20 1 1-30 min 7] 283 
(benzene, propylene 
tetramer) 
53. Ethanol (ethylene, FB С НРО, 300 82 1,800 GHSV [2] 356, 
Н;0) Я 297 
54. Ethyl acetate TU, CST L Н;50, 100 1 0.5-0.8 LHSV [70] 45, 
(ethanol, acetic acid) 52, 58 
55. Ethyl chloride TO с ZnCl 150-250 6-20 26 7 305 
(ethylene, НСІ) 
56. Ethylene (ethane) TU G None 860 2 1.03 s [3] 411, 
1,880 GHSV [6] 13 
57. Ethylene (naphtha) TU а None 550-750 2-7 0.5-3 $ [7] 254 
58. Ethylene, propylene CST LG None 30-40 3-10 0.5-5 min 171 310, 
chlorohydrins 
(Cl, H20) 
EL ne 





(continued) 
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TABLE 17.1—(continued) 


Product 


(raw materials) Type 





. Ethylene glycol TO 
(ethylene oxide, H20) 
. Ethylene glycol TO 
(ethylene oxide, H20) 


. Ethylene oxide 
(ethylene, air) 

. Ethyl ether (ethanol) 
. Fatty alcohols 
(coconut oil) 

. Formaldehyde 
(methanol, air) 

. Glycerol (ally! 
alcohol, H50;) 


. Hydrogen (methane, 
steam) 

. Hydrodesulfurization 
of naphtha 


. Hydrogenation of 

cottonseed oil 

. Isoprene (/-butene, 
formaldehyde) 

. Maleic anhydride 

(butenes, air) 


. Melamine (urea) 

. Methanol (CO, H;) 
. Methanol (CO, H;) 
. o-Methyl benzoic 
acid (xylene, air) 

. Methyl chloride 
(methanol, Cl.) 


. Methy! ethyl ketone 
(2-butanol) 

. Methyl ethyl ketone 
(2-butanol) 

. Nitrobenzene 
(benzene, HNO3) 

. Nitromethane 
(methane, HNO3) 

. Nylon-6 (caprolactam) 


. Phenol (cumene 
hydroperoxide) 

. Phenol (chloro- 
benzene, steam) 

. Phosgene (CO, Cl.) 


. Phthalic anhydride 
(o-xylene, air) 


. Phthalic anhydride 
(naphthalene, air) 


. Polycarbonate resin 
(bisphenoi-A, 
phosgene) 

. Polyethylene 


. Polyethylene 


Reactor 


phase 


Catalyst 


Conditions 
ТС Р, аїт 


Residence 
time or 
space 
velocity 


Source 
and page 





LG 


LG 


196 H250, 


None 


Ag 


WO; 
Na, solvent 


Ag gauze 


НО, 


НСІ, silica 
gel 
V205 


None 
ZnO, Cr203 
Zn0,Cr203 
None 


А1-Оз gel 


ZnO 


Brass 
spheres 
H250, 


None 


Na 
50; 


Си, Са 
phosphate 
Activated 
carbon 
\205 


V2Os 


Benzyltri- 
ethylammonium 
chloride 

Organic 
peroxides 

Cr203, А103, 
510, 


50-70 1 


195 


270-290 


120-375 
142 


450-600 


40-60 


790 


315-500 


130 
250-350 


300-450 


340-400 

350-400 

350-400 
160 


340-350 


425-475 
450 
45-95 
450-700 


260 
45-65 


430-450 
50 


350 


350 


30-40 


180-200 1,000-1,700 


70-200 20-50 


30 тіп 


1h 


1$ 


2h 


3h 


5.4 $ 
3,000 GHSV 
1.5-8 LHSV 

125 WHSV 

6h 
1h 
0.1-5 s 
5-60 min 
5,000 GHSV 
28,000 GHSV 
0.32 h 


3.1 LHSV 
275 GHSV 


0.5-10 min 
2.1 $ 
13 LHSV 
3-40 тт 
0.07-0.35 s 


12h 

15 min 

2 WHSV 
165 


900 GHSV 
1.5 $ 


55 


0.25-4 h 


0.5-50 тт 


0.1-1,000 $ 


[2] 398 


[2] 398 


[2] 409, 
[7] 322 
[7] 326 
[8] (1953) 
[2] 423 


[7] 347 


[6] 133 
[4] 285, 
[6] 179, 
[9] 201 
[6] 161 
[7] 389 


[7] 406 


[7] 410 
[7] 421 
[3] 562 
[3] 732 


[2] 533 


[7] 437 
[70] 284 
[7] 468 
[7] 474 


[7] 480 
[7] 520 


[7] 522 
(71) 


[3] 482, 


[70] 335 
[7] 452 


[7] 547 


[7] 549 
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{ethylbenzene) 


96. Sulfur dioxide FB с У;0; 
oxidation 

97. t-Butyl methacrylate CST L HS0, 
(methacrylic acid, 
i-butene) 

98. Thiophene (butane, S) TU а None 

99. Toluene diisocyanate B LG None 
(toluene diamine, 
phosgene) 

100. Toluene diamine B LG Pd 
(dinitrotoluene, H;) 

101. Tricresyl phosphate TO Е MgCl, 
{cresyl, POCI3) 

102. Vinyl chlaride FL С None 


(ethylene, СІ) 


Abbreviations 


Reactors: batch (B), continuous stirred tank (CST), fixed bed of catalyst (FB), fluidized bed of catalyst (FL), furnace (Furn.), 
multitubular (MT), semicontinuous stirred tank (SCST), tower (TO), tubular (TU). 


Phases: liquid (L), gas (G), both (LG). 


Space velocities (hourly): gas (GHSV), liquid (LHSV), weight (WHSV). 


Not available (N.A.) 
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catalysts. Temperature dependence usually is represented by 








k —k,exp( C E/RT) = ехр(а — b'/T), (17.6) 
where Е is the energy of activation. 

Specific rates of reactions of practical interest cannot be found 
by theoretical methods of calculation nor from correlations in terms 
of the properties of the reactants. They must be found empirically 


in every case together with the complete dependence of the rate of 


Product Reactor 
{raw materials) Type phase Catalyst 
89. Polypropylene TO Е ВАСІ, ТІСІ, 
90. Роіуміпуі chloride В L Organic 
peroxides 
91. /-Ргорапо! TO L  H$;SQ, 
(propylene, H20) 
92. Propionitrile TU G Cod 
(propylene, NH3} 
93. Reforming of naphtha FB G Pt 
(Н>/уадгосагроп = 6) 
94. Starch (corn, H20) B L 50; 
95. Styrene MT G Metal oxides 
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17.2. RATE EQUATIONS AND OPERATING MODES 





Residence 

















time or 
Conditions space Source 
Т?С Р, аїт velocity and page 
15-65 10-20 15-100 min [7] 559 
60 10 5.3-10 h [6] 139 
70-110 2-14 0.5-4 h [7] 393 
350-425 70-200 0.3-2 LHSV [7] 578 
490 30-35 3 LHSV [6] 99 
8,000 GHSV 
25-60 1 18-72 h [7] 607 
600—650 1 0.25 5] 424 
7,500 GHSV 
475 1 2.45 6] 86 
700 GHSV 
25 3 0.3 LHSV [7] 5 328 
600-700 1 0.01-1 $ 7] 652 
200-210 1 7h 7] 657 
80 6 10 h [7] 656 
150-300 1 0.5-2.5 h [2] 850, [7] 673 
450-550 2-10 0.5-5 s [7] 699 




















6. H.F. Rase, “Chemical Reactor Design for Process Plants: 
Vol. 2, Case Studies,” John Wiley & Sons, New York, 1977. 

7. M. Sittig, “Organic Chemical Process Encyclopedia,” Noyes, 
Park Ridge, N.J., 1969 (patent literature exclusively). 

8. Student Contest Problems, published annually by AIChE, 
New York (referenced by year). 

9. M.O. Tarhan, "Catalytic Reactor Design," McGraw-Hill, 
New York, 1983. 

10. К.В. Westerterp, W.P.M. van Swaaij, and A.A.C.M. 
Beenackers, "Chemical Reactor Design and Operation," 
John Wiley & Sons, New York, 1984. 

11. Personal communication (Walas, 1985). 
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reaction on concentrations, temperature, and other pertinent 
factors. The analysis of experimental data will be ignored here since 
the emphasis is placed on the use of known rate equations. 

Integration of the rate equation is performed to relate the 
composition to the reaction time and the size of the equipment. 
From a rate equation such as 


dC, 


——@= СВСҮ 
dt КСа bc» 


(17.7) 


TABLE 17.2. Basic Rate Equations 


1. The reference reaction is 


vo A УВ +: 
Ау-у, + т. toe 


эу +5 +: 
—(va t vg t) 


2. Stoichiometric balance for any component i, 


n; = nig t (vil vano — n4) 
{* for product (right-hand side, RHS) 
— for reactant (left-hand side, LHS) 


C; = Cio (м; /у.{Сьо — Ca), at constant Тапа V only 
п; = Mo + (Av/vah ngo — n4) 
. Law of mass action 
= — 198 _ усас». 
n= -y ge КСВ 


= kCz[C5o — (vo/va)( Cao — Ca”? -+> 
la = КСЯСьо ы {Ve / Ya) Ca0 "e C,)]? Brie 


where ít is not necessarily true that a = va B = уь, · · 
, At constant volume, С, = n,/V, 


1 








'aü 
к= І ас, 
c, СаСьо — (Yb/Ya Cao- ШЕР 
Пао у 1+а+В 
jl - à 
„ Maly (Vof va Илье лае 


Completed integrals for some values of a and f аге in Table 17.3 
„ Ideal gases at constant pressure: 





nRT RT Av 
Y= E ШЕГЕДІ 
= КС 
к= (&y [" [rio + (v/v, Nao = п)! ап, 
Р ng 


па 


. Temperature effect on the specific rate: 





k= k, exp( -E/RT) = exp(a' 
E = energy of activation 


b'[T) 


. Simultaneous reactions: Тһе overall rate is the algebraic sum of the 
rates of the individual reactions. For example, take the three 
reactions: 


1. A- BÉS C+D. 
2. Ce D, A B. 


8. АЗС Е 


The rates аге related by: 


Га = Гал + Sao + Газ = КСС — КС,Са + kaCaCo 
= — Ta = К CaCa — k; C; C, 

г. = —k,C, Cy + КСС + kg, С. 

Го = — С.С 


The number of independent rate equations is the same as the 
number of independent stoichiometric relations. Іп the present 
example, reactions 1 and 2 are a reversible reaction and are not 
independent. Accordingly, С, and Ca, for example, can be 
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eliminated from the equations for г, and r, which then become ап 
integrable system. Usually only systems of linear differential 
equations with constant coefficients are solvable analytically. Many 
such cases are treated ру Rodiguin and Rodiguina (1964) 
Consecutive Chemical Reactions, Van Nostrand, N.Y. 

. Mass transfer resistance: 


Сы = interfacial concentration of reactant A 


ас, x 
= = (С, - = сы = KC ҚС, -#) 
kt Сао 1 ас 

=f (Ca г/к} ^ 


The relation between r, and С, must be established (numerically if 
need be) from the second line before the integration can be 
completed 

9. Solid-catalyzed reactions, some Langmuir-Hinshelwood mechan- 
isms for the reference reaction А + B В + S. 


1. Adsorption rate of A controlling 


тат 
= уч 


fp 


Р,/Р,Р, (equilibrium constant) 





= kP,0, 


re 





+ КЪР, + КР. + KP, + КІВ, | 


115 an adsorbed substance that is chemically inert 
2. Surface reaction rate controlling: 


r = КР: 
ө,=1/(1 +Уқв), 
summation over all substances absorbed 


3. Reaction A; +В В +S, with A, dissociated upon adsorption 
and with surface reaction rate controlling: 


Ta = К.В, 
Ө, =1/(1 + УКР, + KP) 


4. At constant P and T the Б 
total pressure by 


; are eliminated in favor of n; and the 


Р, = Пар 


п, 

пы. Nig (у/у,Пао- Па) 
D по + (Ау/у,(Пьо — nj) 
+ for products, RHS 

| p reactants, LHS 


B= 





y= nat 


паб 1 А 
«-| VERO for a case (2) batch reaction 





TABLE 17.2—(continued) 
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10. А continuous stirred tank reactor battery (CSTR) 
Material balances: 


Пао = Па ar УА 
D&j-17 Па Га Ур, for the jth stage 


For a first order reaction, with г, = kC,, 


Сы 1 
Со (V+ GI katah КЕ) 
PNE. 
NUES 
for j tanks in series with the same temperatures and residence times 
ъ= V,/Vi, where V’ is the volumetric flow rate 








11. Plug flow reactor (PFR): 


ап» "me 
г = та," кСаСь + - 


= k(n V лы V'^- -- 








таш c 


12. Material and energy balances for batch, CSTR and РЕВ are т Tables 
17.4, 17.5, and 17.6 
13. Notation 
A, B, В, $ are participants in the reaction; the letters also are used to 
represent concentrations 
C; = n;/ V. or nj/V', concentration 
n; = mols of component і in the reactor 
п} = molal flow rate of component i 
V. = volume of reactor 
V' = volumetric flow rate 
v; = stoichiometric coefficient 
п -rate of reaction of substance / [mol/(unit time)(unit 
volume} 
&,ß = empirical exponents in а rate equation 





the concentrations C, and C, first must be eliminated with the aid of 
the stoichiometric equation of the process. Item 4 of Table 17.2 is 
an example. When several reactions occur simultaneously, the 
overall rate of a particular participant is the algebraic sum of its 
rates in individual reactions. Item 7 of Table 17.2 is an example. 
The number of differential equations representing the reacting 
system is the same as the number of independent stoichiometric 
equations; appropriate concentrations are eliminated with stoichi- 
ometry to develop an integrable set of equations. Integrals of 
common isothermal, constant volume rate equations are sum- 
marized in Table 17.3, and a simple case of a process at constant 
pressure is item 5 of Table 17.3. 

An overall conversion rate may depend on rates of mass 
transfer between phases as well as chemical rates. In the simplest 
case, mass transfer and chemical transformation occur in series; 
advantage is taken of the equality of these two rates at steady state 
conditions to eliminate interfacial concentrations from the rate 
equations and thus to permit integration. Item 8 of Table 17.2 is an 
example. 

Rates of fiuid phase reactions catalyzed by solids also can be 
represented at least approximately by powers of the concentrations. 
A more fundamental approach, however, takes into account 
mechanisms of adsorption and of reaction on the catalyst surface. A 
few examples of resulting equations are in item 9 of Table 17.2. 

Practical solid-catalyzed rate processes also may be influenced 
by rates of diffusion to the external and internal surfaces. In the 
latter case the rate equation is modified by inclusion of a catalyst 
effectiveness to become 


Ta = knf(C,). 


Тһе effectiveness is a measure of the utilization of the internal 
surface of the catalyst. It depends on the dimensions of the catalyst 
particle and its pores, on the diffusivity, specific rate, and heat of 
reaction. With a given kind of catalyst, the only control is particle 
size to which the effectiveness is proportional; a compromise must 
be made between effectiveness and pressure drop. In simple cases 7 
can be related mathematically to its parameters, but in such 
important practical cases as ammonia synthesis its dependence on 
parameters is complex and strictly empirical. Section 17.5 deals with 
this topic. 

Reaction processes may be conducted under nonfiow or steady 


(17.8) 


flow conditions. One mode of the latter is tubular flow or, in the 
limiting case, plug flow, in which all molecules have substantially 
the same residence time. The rate equation for a plug flow reactor 
(PFR) is 


—_ Pa perch... eey- 
n=- КСС Eo os ; 


(17.9) 
where V, is the reactor volume and the primes (”) designate flow 
rates. Flow reactions of gases take place at substantially constant 
pressure so that V' will depend on the extent of conversion if there 
is a change іп the number of mols. Item 11 of Table 17.2 is an 
example of the rate equation for such conditions. 

The other mode of flow reaction employs one or more stirred 
tanks in series, which is called a continuous stirred tank (CSTR) 
battery. The rate of reaction in a single tank is 


пао Па Сао Са Cio — Ca 
уу, 7 





= КС°СВ.... (17.10) 








г. = 


ý V, 


The relation in terms of concentrations is valid if the volumetric 
rates into and out of the tank are substantially the same. Stirring is 
assumed sufficient to maintain uniform composition and tempera- 
ture in the tank; then the effluent conditions are the same as those 
of the tank. Relations for several tanks in series are in item 10 of 
Table 17.2. 


17.3. MATERIAL AND ENERGY BALANCES OF REACTORS 


All chemical reactions are accompanied by some heat effects so that 
the temperature will tend to change, a serious result in view of the 
sensitivity of most reaction rates to temperature. Factors of 
equipment size, controllability, and possibly unfavorable product 
distribution of complex reactions often necessitate provision of 
means of heat transfer to keep the temperature within bounds. In 
practical operation of nonflow or tubular flow reactors, truly 
isothermal conditions are not feasible even if they were desirable. 
Individual continuous stirred tanks, however, do maintain 
substantially uniform temperatures at steady state when the mixing 
is intense enough; the level is determined by the heat of reaction as 
well as the rate of heat transfer provided. 

In many instances the heat transfer aspect of a reactor is 
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TABLE 17.3. Some Isothermal Rate Equations and Their Integrals 





1. A products: 


exp[—k(t — to)], а= 1 


m 1 102—1} 
А [5 vau RS 


2. А+ B— products: 


- 42. кав= КАА + Bg — Ao) 


1 Ао(А+ By — Ao) 
Ш-ш-ҙ-діп As 





ң 
3. Reversible reaction A == В: 
2 


dA 
З= KA- Kao Bo ~ A) = (k1 + KA — (Ао + Bo) 


КА ~ КаВо 
Cy k2(Ag + Bo) 





(ky + kot — tg) = 


" е ky 
4. Reversible reaction, second order, A+ В == В + 5 
ko 


А 
- a. KAB — К, = k,A(A+ By — Aj) 





— (Ао + Ro — А)(А + So А) 
= aA + BA- y 
«=k – К 
B= К. (Во – Ag) + ko(2Ag + Ro + Sq) 
22 CE set Sg 
= УВ? + дау +4day 
2aA, + В 
Е m T2 
[ев УБ] 4%0 
GRH 2aA +B -q/ 1 


5. The reaction v,A+ v,B— v,R + v,S between ideal gases at constant 








TandP 
.dn, kng 
dt ve" 
RT ^ RT 
von |по+ (лью пы) ® 


пай yor 
ne у dn, in general 


па а 
un LM UNE 
P na Va Па Пао 
(ео | when a =2 
Va Па 


о 


. Equations readily solvable by Laplace transforms. For example: 


kı kz 
3 


Rate equations are 


dA 
ере КА eB 


ав 
-g7 ^t (К 08 


Laplace transformations are made апа rearranged to 


(s + k)À + Ю-В = Ао 
—КА + (s + kp + Кз)В = Bo 
—к›В +56 = Co 
These linear equations are solved for the transforms as 
D = s? + (Ку + ka + kals + kk; 
= [AoS + (kz + ka)Ao + K3Bo]/D 
= [Bos + k;(Ao + Bo)l/D 
C=(k,B + Co)/s 
Inversion of the transforms can be made to find the concentrations A, 
B, and C as functions of the time 1. Many such examples are solved 


by Rodiguin and Rodiguina (Consecutive Chemical Reactions, Van 
Nostrand, New York, 1964). 





paramount. Many different modes have been and are being 


employed, a few of which are illustrated in Section 6. The design of 


such equipment is based on material and energy balances that 
incorporate rates and heats of reaction together with heat transfer 
coefficients. Solution of these balances relates the time, com- 
position, temperature, and rate of heat transfer. Such balances are 
presented in Tables 17.4—17.7 for four processes: 


1. Nonflow reactors. 

2. Plug flow reactors. 

3. Continuous stirred tanks. 

4. Flow reactor packed with solid catalyst. 


The data needed are the rate equation, energy of activation, 
heat of reaction, densities, heat capacities, thermal conductivity, 
diffusivity, heat transfer coefficients, and usually the stoichiometry 


of the process. Simplified numerical examples are given for some of 


these cases. Item 4 requires the solution of a system of partial 


differential equations that cannot be made understandable in 


concise form, but some suggestions as to the procedure are made. 


17.4. NONIDEAL FLOW PATTERNS 


The CSTR with complete mixing and the PFR with no axial mixing 
are limiting behaviors that can be only approached in practice. 
Residence time distributions in real reactors can be found with 
tracer tests. 


RESIDENCE TIME DISTRIBUTION 


In the most useful form the test consists of a momentary injection of 
a known amount of inert tracer at the inlet of the operating vessel 
and monitoring of its concentration at the outlet. The data are used 
most conveniently in reduced form, as E=C/ Co in terms of 
t,=t/t, where 


С = concentration of tracer at the outlet, 
C, = initial average concentration of tracer in the vessel, 
t=V,/V’ = average residence time. 


The plotted data usually are somewhat skewed bell-shapes. Some 


TABLE 17.4. Material and Energy Balances of a Nonflow 
Reaction 





Rate equations: 

21 dng 
V. ав 

к = exp(a’ — b'/T) 





кс; (e) 


а 
г. = v 
r 


Heat of reaction: 


* 
AH, = AH, ог + І AC, ат 
298 


Rate of heat transfer: 
Q' = UAR, - T) 


(the simplest case is when UA and 7, are constant) 
Enthalpy balance: 








ат __1_ [ana UAT т 

dn, руб, Vk(n,/ V.) 

dT 1 UAIT, — n Ts 
dC, 0С, (ан, + уст q 

Т= Т when С, = Cao 


А 1 

б 54% У бы 
Solve Eq. (6) to find T = С. }; combine Eqs. (1) and (2) and 
integrate as 


EE Е 1 ас, 
L C3 expla’ — b'/f(C,] °? 








Temperature and time as a function of composition are shown for two 


values of UA/V. for a particular case represented by 
dr 31 
dC, 50 

k= ехр(16--5000/ 7) 


То = 350 


| -5000 serp Ma cn ul 


252) 


Сао = 1 





450 


400 


Temperature 


350 





a) 
(2) 


(4) 


(5) 


(6) 
(7) 
(8) 


(9) 
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TABLE 17.5. Material and Energy Balance of a CSTR 


The sketch identifies the nomenclature 
Mean residence time: 


= М/И 
Temperature dependence: 

к = exp(a' — b'/T) 
Rate equation: 

га = КС® = КС® (1 — х)“, x = (Cao — Ca)/ Cao 
Material balance: 


Cap = C, + KiC, 
x= АСЗ (1 х)“ 





Enthalpy balance: 
У пн, — У поНо = Q' — AH, (no — nj) 
T 
H; =Í Cpi dT 
298 

T 

AH, = AH,298 + Í АС, dT 
298 


For the reaction aA + bB — rR + $$, 


АС, = rC,, + SCps - асра — bCpb 


n 


(2) 


(3) 


(4) 
(5) 


(6) 


(7) 


(8) 


(9) 


When the heat capacities аге equal and constant, the heat balance is 


C,pV'(T — To) = Q' — AH,298V' (C20 — Ca) 
Example: 


k= exp(16—5500/7) 
Cao - 5g mol/L 
V' 2 2000 L/hr 
АН. = —5 kcal/g mol 
pC, = 0.9 kcal/(LK) 











а-2 
То = 350 
x = 0,90 x = 0.95 
gi cc Q е Е 
1 419.5 80 471.3 171 
2 398.5 42 444.9 123 
3 387.1 22 430.8 98 
4 379.4 8 421.3 81 
5 373.7 - 2 414.2 68 
6 369.1 -11 408.6 58 
7 365.3 -17 404.0 50 
8 362.1 -23 400.0 43 
9 359.3 -28 396.6 36 
10 356.9 -33 393.6 31 


(10) 


(continued) 


558 CHEMICAL REACTORS 
TABLE 17.5—(continued) 
Eqs. (2) and (5) combine to 


5500 
~ 16 —In[x/5t(1 — х)2| 





and Eq. (10) becomes 
О’ = 2[0.9(Т – 350) — 25x], Mcal/hr 


The temperature and the rate of heat input О” are tabulated as functions 
of the residence time for conversions of 90 and 95% 


TABLE 17.6. Material and Energy Balances of a Plug Flow 
Reactor (PFR) 


The balances are made over a differential volume dV, of the reactor 
Rate equation: 

















= t 
dV, = ап, (1) 
Га 
түмүк, 
ыг Uk (%) dna (2) 
= -expi-a' + үт HET) ап, (3) 
Па 
Enthalpy balance: 
8 
AH, = АН, зав + І AC, dT (4) 
298 
dQ = ЩТ, – T) dA, - T, T) dV. 
_ 42U(5 -T) ,, 
= Dr, dn; (5) 
dQ + AH, ап, = У, n; dH, = У, njC,; dT (6) 
dT _ AH, —4U(T, – T)/Dr, ; 
ап’ E ncp КТ, T, п) (7) 
Diameter, D tg 





At constant 7;, Eq. (7) may be integrated numerically to yield the 
temperature as a function of the number of mols 


Т=ф(п.) (8) 


actual data are shown in Figure 17.1 together with lines for ideal 
CSTR and PFR. Such shapes often are represented approximately 
by the Erlang statistical distribution which also is the result for an 
n-stage stirred tank battery, 

С ni 
E(t,) = с T (n Ex 1)! exp( nt,), 





(17.11) 


where п is the characterizing parameter; when n is not integral, 
(n — 1)! is replaced by the gamma function Г(п). Со is the initial 
average concentration. The variance, 


= І E(t,—1)2 dt, =1/n (17.12) 
0 


of this distribution is a convenient single parameter characterization 
of the spread of residence times. This quantity also is related to the 


Peclet number, Pe = uL/D,, by 


o? = 2/Pe — [1 — exp(—Pe)]/Pe?, (17.13) 


where 


u — linear velocity in the axial direction, 
L = distance in the axial direction, 
D, = axial eddy diffusivity or dispersion coefficient. 


Then the reactor volume is found by integration 


пао 1 
v= Í а са 
r= J, expla — БФ Рп, фіта] "Pa (2) 
Adiabatic process: 


dQ=0 (10) 


io n 
The balance around one end of the reactor is 
У поНо- У Нот п) = У, тн, = У n [сы ат (11) 
With reference temperature at To, enthalpies H;; = 0 
70 
AH,o=AH,zsa + | AC, aT (12) 
298 
Substituting Eq. (12) into Eq. (10) 
To T 
“Ана? | AC, ато -n)-YXn І Сы dT (13) 
298 To 


Adiabatic process with AC, = 0 and with constant heat capacities 


АҢ, гөг(По- Ma) 


K= To X njCp; 


(14) 


This expression is substituted instead of Eq. (8) to find the volume with 
Eq. (9) 


TABLE 17.7. Material and Energy Balances of а Packed Bed 
Reactor 


Diffusivity and thermal conductivity are taken appreciable only in the 


radial direction 
Material balance equation: 





ax D (2% 1 3%) р 


az u\dr* ror 6479 " 


Energy balance equation: 








k - 
ат (21 137) АН б ө} 
az 6С, \Әг“ rər) GC, 

At the inlet: ЕТУ 

1 
х(0, г} = хо i T (3) 
TO г} = 7, ro R 4) 
-----» > ЖЕК У Т 
G 
At the center: % 
2 
Ox ӘТ 
r=0, Saf T --------------- (5) 
о 2--» 
At the wall: 
ox 
r=R, 3,79 (6) 
әт и 
arp T) (7) 


When the temperature 7' of the heat transfer medium is not 
constant, another enthalpy balance must be formulated to relate T’ with 
the process temperature T. 

А numerical solution of these equations may be obtained in terms 
of finite difference equivalents, taking т radial increments and n axial 
ones. With the following equivalents for the derivatives, the solution 
may be carried out by direct iteration: 





r=m(Ar} (8) 
z=nAz) 

aT Тула = Тюп 

az Az (3) 
oT Tintin = Ton 

ar Ar (10) 
PT Tin+tn Ти + Талп (11) 
ar? (Ar)? 


Expressions for the x-derivatives are of the same form: 


г, = rate of reaction, a function of s and T 

С = mass flow rate, mass/(time}(superficial cross section) 
u= linear velocity 

D= diffusivity 

k thermal conductivity 


At large values of Pe, the ratio Pe/n approaches 2. 
The superficial Peclet number in packed beds, 


Pe = ud,/ D, 


is very roughly correlated (Wen and Fan, Models for Flow Systems 
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2.0 


cc, 


1.0 


Reduced Concentration, E = 


0.5 





d 0 0.5 1.0 1.5 
Reduced Time, t, = t/t 
No. Code Process с? п Ре 
1 © aldolization of butyraldehyde 0.050 20.0 39.0 
2 € olefin oxonation pilot plant 0.663 15 14 
3 О hydrodesulfurization pilot plant 0.181 5.5 99 
4 У lowtemp hydroisomerization 0.046 21.6 42.2 
pilot 
5 А commercial hydrofiner 0.251 40 68 
6 A pilot plant hydrofiner 0.140 7.2 132 


Figure 17.1. Residence time distributions of some commercial and 
pilot fixed bed reactors. The variance, the equivalent number of 
CSTR stages, and the Peclet number are given for each. 


and Chemical Reactors, Dekker, NY, 1975) in terms of the 
dimensionless groups Re = uod, p/u and Sc = u/pD,,, where 


d, = particle diameter, 
D,, = molecular diffusivity, 
£ — fraction voids in the bed. 


The correlations are 


єРе = 0.20 + 0.011Re°**, for liquids, standard deviation 46%, 
(17.14) 


E ocu 05 (17.15) 


Pe ReSc*1+3.8/ReSc’ 107 24565. 

There are по direct correlations of the variance (or the 
corresponding parameter n) in terms of the geometry and operating 
conditions of a vessel. For this reason the ВТР is not yet a design 
tool, but it does have value as a diagnostic tool for the performance 
of existing equipment on which tracer tests can be made. RTDs 
Obtained from tracer tests or perhaps estimated from dispersion 
coefficient data or correlations sometimes are applicable to the 
prediction of the limits between which a chemical conversion can 
take place in the vessel. 
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CONVERSION IN SEGREGATED AND MAXIMUM 
MIXED FLOWS 


In some important cases, limiting models for chemical conversion 
are the segregated flow model represented by the equation 


г/с,-1-х-| "(Ссдьаауа,- | "(ССдым да 
(17.16) 


and the maximum-mixedness model represented Бу Zwietering’s 
equation. For a rate equation r, = КС“ this equation is 


оры + EO) — x 20, (17.17) 
И = | E(t,) dt, 
0 
with the boundary condition 
dx/dt,=0 when t,— o, (17.18) 
which is used to find the starting value х., from 
кс ЕО) ы о, (17.19) 


1- | E(t,) dt, 
0 


Numerical integration of the equation is sufficiently accurate by 
starting at (x.., t, =4) and proceeding to /, = 0 at which time the 
value of x is the conversion in the reactor with residence time 
distribution E(t,). 

With a given RTD the two models may correspond to upper 
and lower limits of conversion or reactor sizes for simple rate 
equations; thus 


Conversion Limit 


Reaction Order Segrated Мах-Міх 


More than 1 upper lower 
Less than 1 lower upper 
Complex ? ? 


Relative sizes of reactors based on the two models are given in 
Figure 17.2 for second- and balf-order reactions at several 
conversions. For first order reactions the ratio is unity. At small 
values of the parameter n and high conversions, the spread in 
reactor sizes is very large. In many packed bed operations, 
however, with proper initial distribution and redistribution the 
value of the parameter n is of the order of 20 or so, and the 
corresponding spread in reactor sizes is modest near conversions of 
about 90%. In such cases the larger predicted vessel size can be 
selected without undue economic hardship. 

The data also can be rearranged to show the conversion limits 
for a reactor of a given size. 

When the rate equation is complex, the values predicted by the 
two models are not necessarily limiting. Complexities can arise from 
multiple reactions, variation of density or pressure or temperature, 
incomplete mixing of feed streams, minimax rate behavior as in 
autocatalytic processes, and possibly other behaviors. Sensitivity of 
the reaction to the mixing pattern can be established in such cases, 
but the nature of the conversion limits will not be ascertained. Some 
other, possibly more realistic models will һауе to be devised to 
represent the reaction behavior. The literature has many examples 
of models but not really any correlations (Naumann and Buffham, 
1983; Wen and Fan; Westerterp et al., 1984). 
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Figure 17.2. Relative volumes of maximum-mixed and segregated 
flow reactors with the same RTDs identified by п-1/07, as a 
function of conversion for second- and half-order reactions. For 
first-order reactions the ratio is unity throughout. 


CONVERSION IN SEGREGATED FLOW AND CSTR BATTERIES 


The mixing pattern in an n-stage CSTR battery is intermediate 

between segregated and maximum mixed flow and is characterized 

by residence time distribution with variance о? = 1/n. Conversion in 

the CSTR battery is found by solving п successive equations 
C; C, kt Су 

dot = 1+ e г forj = 1- 

Cy, ee АС TER TION 





(17.20) 


for С,/Со--1-х. The ratio of required volumes of CSTR batteries 
and segregated flow reactors is represented by Figure 17.3 for 
several values of и over a range of conversions for a second order 
reaction. Comparison with the maximum mixed/segregated flow 
relation of Figure 17.2 shows a distinct difference between the two 
sets of ratios. 


DISPERSION MODEL 


Although it also is subject to the limitations of a single 
characterizing parameter which is not well correlated, the Peclet 
number, the dispersion model predicts conversions or residence 
times unambiguously. For a reaction with rate equation r, = КС“, 
this model is represented by the differential equation 


2. 
ео 


Ped? dz (17.21) 


Vester’  segrega сей 
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Figure 17.3. Ratio of volumes of an n-stage CSTR battery and a 








segregated flow reactor characterized by а residence time 
distribution with variance о? = 1/n. Second-order reaction. 
with the boundary conditions 
1 =) 
1 + = 1, 3 
at z=0, ( х%%Ш o (17.22) 
dx 

atz=1, 275 (17.23) 

where 


x —1 — C/C,, fractional conversion, 
z = axial distance/length of reactor. 
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An analytical solution can be found only for a first-order reaction. 
The two-point boundary condition requires a special numerical 
procedure. Plots of solutions for first and second order reactions are 
shown in Figures 17.4 and 17.5. 


LAMINAR AND RELATED FLOW PATTERNS 


A tubular reactor model that may apply to viscous fluids such as 
polymers has a radial distribution of linear velocities represented by 


и = (1+2/т)й(1 — f"), (17.24) 
where B —r/R. When т=2, the pattern is Poiseuille or laminar 


flow, and, when m is infinite, it is plug flow. The residence time 
along a streamline is 
t=t/(1+2/m)(i — В"). (17.25) 


The average conversion over all the stream lines is 


"eJ (&)..... e-[ (с) 
sa, | (= 4(л?)=2| (= df. 
Со лк 2 % streamline ( ) 0 Со ME В 





(17.26) 
For first-order reaction, for example 
E А ЕС 
с =2 | exp сезе вав (17.27) 
and for second-order 
Č -2| ыы — Bap. (17.28) 
Co o 1+ kCot/(1 + 2/m)(1 - В") 


These integrals must be evaluated numerically. Variation in 
residence time will contribute, for example, to the spread in 
molecular weight distribution of polymerizations. 
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Figure 17.4. Dispersion model. Conversion of first-order reaction as function of 


the Peclet number. 
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Figure 17.5. Second-order reaction with dispersion identified by the Peclet 


number, Pe = uL/D,. 


17.5. SELECTION OF CATALYSTS 


A catalyst is a substance that increases a rate of reaction by 
participating chemically in intermediate stages of reaction and is 
liberated near the end in a chemically unchanged form. Over а 
period of time, however, permanent changes in the catalyst— 
deactivation—may occur. Inhibitors are substances that retard rates 
of reaction. Many catalysts have specific actions in that they 
influence only one reaction or group of definite reactions. An 
outstanding example is the living cell in which there are several 
hundred different catalysts, called enzymes, each one favoring a 
specific chemical process. 

The mechanism of a catalyzed reaction—the sequence of 
reactions leading from the initial reactants to the final products—is 
changed from that of the uncatalyzed process and results in a lower 
overall energy of activation, thus permitting a reduction in the 
temperature at which the process can proceed favorably. The 
equilibrium condition is not changed since both forward and reverse 
rates are accelerated equally. For example, a good hydrogenation 
catalyst also is a suitable dehydrogenation accelerator; the most 
favorable temperature will be different for each process, of course. 

A convenient classification is into homogeneous and heteroge- 
neous catalysts. The former types often are metal complexes that 
are soluble in the reaction medium, but acids and bases likewise 
have a long known history of catalytic action. The specific action of 
a particular metal complex can be altered by varying the ligands or 
coordination number of the complex or the oxidation state of the 
central metal atom. Advantages of homogeneous catalysts are their 
specificity and low temperature and pressure requirements. Their 
main drawbacks are difficulty of recovery from the process fluid, 
often rapid degradation, and relatively high cost. Classic examples 
of homogeneous catalysis are the inversion of sugar with mineral 
acids, olefin alkylation with hydrofluoric acid, and the use of 
ammonia in the Solvay process and of nitrogen oxides in the 
Chamber process. A modern development is the synthesis of acetic 
acid from methanol and CO in the presence of homogeneous 
rhodium complexes. 

The problem of separating the catalyst at the end of the 
operation can be eased in some cases by attaching the catalyst to a 
solid support, for instance, liquid phosphoric acid in the pores of a 
solid carrier for the vapor phase synthesis of cumene and the fairly 
wide application of enzymes that are attached (immobilized) by 


various means to solid polymers. Some metal ligands also are being 
combined with solid polymers. 


HETEROGENEOUS CATALYSTS 


By far the greatest tonnages of synthetic chemicals are 
manufactured in fluid phases with solid catalysts. Such materials are 
cheap, are easily separated from the reaction medium, and are 
adaptable to either flow or nonflow reactors. Their drawbacks are a 
lack of specificity and often high temperature and pressure 
requirements. The principal components of most heterogeneous 
catalysts are three in number: 


1. A catalytically active substance or mixture. 

2. A carrier of more or less large specific surface on which the 
catalyst proper is deposited as a thin film, either for economy 
when the catalyst is expensive or when the catalyst itself cannot 
be prepared with a suitable specific surface. 

3. Promoters, usually present in relatively small amount, which 
enhance the activity or retard degradation. 


Some composite catalysts are designed to promote several 
reactions of a sequence leading to the final products. A basic 
catalyst often can be selected with general principles, but 
subsequent fine tuning of a commercially attractive design must be 
done in a pilot plant or sometimes on a plant scale. 

Analogy to what is known to be effective in chemically similar 
problems usually provides a start for catalyst design, although a 
Scientific basis for selection is being developed. This involves a 
study in detail of the main possible intermediate reactions that 
could occur and of the proton and electron receptivity of the 
catalyst and possible promoters, as well as reactant bond lengths 
and crystals lattice dimensions. Several designs are made from this 
fundamental point of view in the book of Trimm (1980). A 
thorough coverage of catalytic reactions and catalysts arranged 
according to the periodic table is underway in a series edited by 
Roiter (1968—date). Industrial catalyst practice is summarized by 
Thomas (1970) who names manufacturers of specific catalysts. 
Specific processes and general aspects of catalysis are covered in 
three books edited by Leach (1983—1985): In a chapter by Wagner, 
there are lists of 40 catalysts with the kinds of processes for 
which they аге effective and of 49 catalytic processes with the 


homogeneous ог heterogeneous catalysts that have been used with 
them. Many industrial processes are described by Satterfield (1980). 
Cracking, reforming, partial oxidation, hydrodesulfurization, and 
catalysis by transition-metal complexes are treated in detail by 
Gates et al. (1979) and the catalytic conversion of hydrocarbons by 
Pines (1981). The mechanisms and other aspects of organic catalysis 
are described in one of the volumes of the series edited by Bamford 
and Tipper (1978). A vast literature exists for enzyme processes; 
that technology is well reviewed іп two articles іп Ullmann's 
Encyclopedia (Biotechnologie, Enzyme) as well as by Bailey and 
Ollis (1986). In the present text, Table 17.1 identifies the catalyst 
used in most of the 100 processes listed. 

Intermediate processes of catalyzed organic reactions may 
involve neutral free radicals В’, positive ions R*, or negative ions 
В as short-lived reactants. А classification of catalysts and 
processes from the point of view of elementary reactions between 
reagents and catalysts is logically desirable but has not yet been 
worked out. However, there is a wealth of practice more or less 
completely documented, some proprietary but available at a price. 
The ensuing discussions are classified into kinds of catalysts and into 
kinds of processes. 


KINDS OF CATALYSTS 


To a certain extent, it is known what kinds of reactions are speeded 
up by certain classes of catalysts, but individual members of the 
same class may differ greatly in activity, selectivity, resistance to 
degradation, and cost. Even small differences in these properties 
can mean large sums of money on the commercial scale. Solid 
catalysts, the most usual kind, are not particularly specific or 
selective, so that there is a considerable crossing of lines in 
classifications between kinds of catalysts and kinds of reactions they 
favor. Nevertheless, leading relations can be brought out. 

Strong acids are able to donate protons to a reactant and to 
take them back. Into this class fall the common acids, aluminum 
halides, and boron trifluoride. Also acid in nature are silica, 
alumina, aluminosilicates, metal sulfates and phosphates, and 
sulfonated ion exchange resins. The nature of the active sites on 
these kinds of solids still is not completely understood, The majority 
of reactions listed subsequently are catalytically influenced to some 
extent by acidic substances. Zeolites are dehydrated aluminosili- 
cates with small pores of narrow size distribution, to which is due 
their highly selective catalytic action since only molecules small 
enough to enter the pores can react. In cracking operations they are 
diluted to 10-15% in silica—alumina to restrain their great activity; 
the composite catalyst still is very active but makes less carbon, 
makes lower amounts of C—C, products, and has a longer Ше. 
Their greater activity has led to the supplanting of fluidized bed 
crackers by riser-tube reactors. When zeolites are incorporated in 
reforming catalysts, they crack isoparaffins into straight chains that 
enter the pores and convert into higher octane substances. 

Base catalysis is most effective with alkali metals dispersed on 
solid supports or in the homogeneous form as aldoxides, amides, 
and so on. Small amounts of promoters may be added to form 
organoalkali compounds that really have the catalytic power. Basic 
ion exchange resins also are useful. Some base-catalyzed processes 
are isomerization and oligomerization of olefins, reaction of olefins 
with aromatics, and hydrogenation of polynuclear aromatics. 

Metal oxides, sulfides, and hydrides form a transition between 
acid-base and metal catalysts. They catalyze hydrogenation- 
dehydrogenation as well as many of the reactions catalyzed by acids 
such as cracking and isomerization. Their oxidation activity is 
related to the possibility of two valence states which allow oxygen to 
be released and reabsorbed alternately. Common examples are 
oxides of cobalt, iron, zinc, and chromium; and hydrides of precious 
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metals which can release hydrogen readily. Sulfide catalysts are 
more resistant than metallic catalysts to formation of coke deposits 
and to poisoning by sulfur compounds; their main application is to 
hydrodesulfurization. 

Metals and alloys. The principal industrial metallic catalysts are 
found in periodic group VIII which are transition elements with 
almost completed 3d, 4d, and 5d electron orbits. According to one 
theory, electrons from adsorbed molecules can fill the vacancies in 
the incomplete shells and thus make a chemical bond. What 
happens subsequently will depend on the operating conditions. 
Platinum, palladium, and nickel, for example, form both hydrides 
and oxides; they are effective in hydrogenation (vegetable oils, for 
instance) and oxidation (ammonia or sulfur dioxide, for instance). 
Alioys do not always have catalytic properties intermediate between 
those of the pure metals since the surface condition may be different 
from the bulk and the activity is a property of the surface. Addition 
of small amounts of rhenium to Pt/ALO, results in a smaller 
decline of activity with higher temperature and slower deactivation 
rate. The mechanism of catalysis by alloys is in many instances still 
controversial. 

Transition-metal organometallic catalysts in solution аге 
effective for hydrogenation at much lower temperatures than metals 
such as platinum. They are used for the reactions of carbon 
monoxide with olefins (hydroformylation) and for some oligomeri- 
zations. The problem of separating the catalyst from solution 
sometimes is avoided by anchoring or immobilizing the catalyst on a 
polymer support containing pendant phosphine groups and in other 
Ways. 


KINDS OF CATALYZED ORGANIC REACTIONS 


A fundamental classification of organic reactions is possible on the 
basis of the kinds of bonds that are formed and destroyed and the 
natures of eliminations, substitutions, and additions of groups. Here 
a more pragmatic list of 20 commercially important individual kinds 
or classes of reactions will be discussed. 


1. Alkylations, for example, of olefins with aromatics or 
isoparaffins, are catalyzed by sulfuric acid, hydrofluoric acid, 
ВЕ;, and AICH. 

Condensations of aldehydes and ketones are catalyzed 

homogeneously by acids and bases, but solid bases are 

preferred, such as anion exchange resins and alkali or alkaline 
earth hydroxides or phosphates. 

Cracking, a rupturing of carbon—carbon bonds, for example, 

of gas oils to gasoline, is favored by silica-alumina, zeolites, 

and acid types generally. 

4. Dehydration and dehydrogenation combined utilizes dehydra- 
Поп agents combined with mild dehydrogenation agents. 
Included in this class of catalysts are phosphoric acid, silica- 
magnesia, silica-alumina, alumina derived from aluminum 
chloride, and various metal oxides. 

5. Esterification and etherification may be accomplished by 

catalysis with mineral acids of ВЕ»; the reaction of isobutylene 

with methanol to make MTBE is catalyzed by a sulfonated ion 
exchange resin. 

Fischer-Tropsch oligomerization of CO + hydrogen to make 

hydrocarbons and oxygenated compounds. Iron promoted by 

potassium is favored, but the original catalyst was cobalt which 
formed a carbonyl in process. 

7. Halogenation and dehalogenation are catalyzed by substances 
that exist in more than one valence state and are able to accept 
and donate halogens freely. Silver and copper halides are used 
for gas-phase reactions, and ferric chloride commonly for liquid 
phase. Hydrochlorination (the absorption of НСІ) is promoted 
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10. 


11. 


13 


14. 


15. 


16. 


17. 


18. 


20. 


by ВІСІ, or SbCl, and hydrofluorination by sodium fluoride or 
chromia catalysts that fluoride under reaction conditions. 
Mercuric chloride promotes addition of НСІ to acetylene to 
make vinyl chloride. 


. Hydration and dehydration employ catalysts that have a strong 


affinity for water. Alumina is the principal catalyst, but also 
used are aluminosilicates, metal salts, and phosphoric acid or its 
metal salts on carriers and cation exchange resins. 


. Hydrocracking is catalyzed by substances that promote cracking 


and hydrogenation together. Nickel and tungsten sulfides оп 
acid supports and zeolites loaded with palladium are used 
commercially. 

Hydrodealkylation, for example, of toluene to benzene, is 
promoted by chromia-alumina with a low sodium content. 
Hydrodesulfurization uses sulfided cobalt/molybdena/alumina, 
or alternately with nickel and tungsten substituted for Co and 
Mo. 


. Hydroformylation, or the oxo process, is the reaction of olefins 


with CO and hydrogen to make aldehydes. The catalyst base is 
cobalt naphthenate which transforms to cobalt hydrocarbonyl in 
place. A rhodium complex that is more stable and functions at 
a lower temperature also is used. 

Hydrogenation and dehydrogenation employ catalysts that form 
unstable surface hydrides. Transition-group and bordering 
metals such as Ni, Fe, Co, and Pt are suitable, as well as 
transition group oxides or sulfides. This class of reactions 
includes the important examples of ammonia and methanol 
syntheses, the Fischer- Tropsch and oxo and synthol processes 
and the production of alcohols, aldehydes, ketones, amines, 
and edible oils. 

Hydrolysis of esters is speeded up by both acids and bases. 
Soluble alkylaryl sulfonic acids or sulfonated ion exchange 
resins are satisfactory. 

Isomerization is promoted by either acids or bases. Higher 
alkylbenzenes are isomerized in the presence of AICL/HCI or 
ВЕ,/НЕ; olefins with most mineral acids, acid salts, and silica 
alumina; saturated hydrocarbons with AICI, or AIBr promoted 
by 0.1% of olefins. 

Metathesis is the rupture and reformation of carbon—carbon 
bonds, for example of propylene into ethylene plus butene. 
Catalysts are oxides, carbonyls or sulfides of Mo, W, or 
rhenium. 

Oxidation catalysts are either metals that chemisorb oxygen 
readily such as platinum or silver, or transition metal oxides 
that are able to give and take oxygen by reason of their having 
several possible oxidation states. Ethylene oxide is formed with 
silver, ammonia is oxidized with platinum, and silver or copper 
in the form of metal screens catalyze the oxidation of methanol 
to formaldehyde. 

Polymerization of olefins such as styrene is promoted by acid or 
base catalysts or sodium; polyethylene is made with homo- 
geneous peroxides. 


. Reforming is the conversion primarily of naphthenes and 


alkanes to aromatics, but other chemical reactions also occur 
under commercial conditions. Platinum or platinum/rhenium 
ате the hydrogenation-dehydrogenation component of the 
catalyst and alumina is the acid component responsible for 
skeletal rearrangements. 

Steam reforming is the reaction of steam with hydrocarbons to 
make town gas or hydrogen. For town gas a representative 
catalyst composition contains 13 wt % Ni, 12.1% U, and 
0.3 wt % К; it is particularly resistant to poisoning by sulfur. 
To make hydrogen, the catalyst contains oxides of Ni, Ca, Si, 
Al, Mg, and K. Specific formulations are given by Satterfield 
(1980). 


PHYSICAL CHARACTERISTICS OF SOLID CATALYSTS 


Although a few very active solid catalysts are used as fine wire mesh 
or other finely divided form, catalysts are mostly porous bodies 
whose total surface is measured in m?/ 6. These and other data of 
some commercial catalysts are shown in Table 17.8. The physical 
characteristics of major importance are as follows. 


1. 


> 


Particle size. In gas fluidized beds the particle diameters average 
less than 0.1 mm; smaller sizes impose too severe loading on 
entrainment recovery equipment. In slurry beds the particles can 
be about 1 mm dia. In fixed beds the range is 2-5 mm dia. The 
competing factors are that the pressure drop increases with 
diminishing diameter and the accessibility of the internal surface 
decreases with increasing diameter. With poorly thermally 
conducting materials, severe temperature gradients or peaks 
arise with large particles that may lead to poor control of the 
reaction and the development of undesirable side reactions like 
carbonization. 


. Specific surface. Solid spheres of 0.1 mm ба have a specific 


surface of 0.06 m?/mL and an activated alumina one of about 
600m?/mL. Other considerations aside, a large surface is 
desirable because the rate of reaction is proportional to the 
amount of accessible surface. Large specific surfaces are 
associated with pores of small diameters and are substantially all 
internal surface. 


. Pore diameters and their distribution. Small pores limit ac- 


cessibility of internal surface because of increased resistance to 
diffusion of reactants inwards. Diffusion of products outward 
also is slowed down and may result in degradation of those 
products. When the catalyst is expensive, the inaccessible 
internal surface is a liability. A more or less uniform pore 
diameter is desirable, but the distribution usually is statistical 
and only molecular sieves have nearly uniform pores. Those 
catalyst granules that are extrudates of compacted masses of 
smaller particles have bimodal pore size distribution, between 
the particles and within them. Clearly a compromise between 
large specific surface and its accessibility as measured by pore 
diameter is required in some situations. 

Effective diffusivity. Resistance to diffusion in a catalyst pore is 
due to collisions with other molecules and with the walls of the 
pore. The corresponding diffusivities are called bulk diffusivity 
and Knudsen diffusivity Ок. Many data and correlations of the 
former type exist; the latter is calculable from the following 
formula (Satterfield, 1970, p. 42): 


2 1/2 
p, = 194000 (2) 


5.0, М 


where 


0 — fraction porosity, 

$, — specific surface per unit mass, 
р» = density, 

T — temperature (К), 
M = molecular weight. 


This equation applies to uniform cylindrical pores whose length 
equals the thickness of the catalyst through which the diffusion 
takes place. The actual diffusivity in common porous catalysts 
usually is intermediate between bulk and Knudsen. Moreover, it 
depends on the pore size distribution and on the true length of 
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TABLE 17.8. Physical Properties of Some Commercial Catalysts and Carriers? 

















Average Tortu- 

Surface Total osity Factor 7, т. Based on 
Desig- Nominal Area Void Die x 10? Parallel-Path re=2V,/S, Average Роге 
nation Size (m?/g) Fraction —_ (cm?/sec) Pore Model (À) Radius 
T-126 3/16 x 1/8 in. 197 0.384 29.3 3.7 = 0.2 29 0.45 
Т-1258 302 0.478 33.1 3.8 + 0.2 23.6 0.41 
Т-826 232 0.389 37.1 3.9 + 0.1 21.4 0.26 
Т-314 142 0.488 200 7.1 40.9 41.5 12 
Т-310 154 0.410 16,6 3.8 + 0.1 34.3 0.67 
G-39 3/16 x 3/16 in. 190 0.354 17.5 4.8 + 0.3 22.4 0.53 
G-35 — 0.354 18.2 4.9 4- 0.1 -- 
T-606 -- 0.115 277 2.9 + 0.2 — 
G-58 6.4 0.389 87.0 2.8 + 0.3 543. 2.87 
Т-126 1/4 x 1/4 in. 165 0.527 38.8 3,6-- 0.3 49.0 0.79 
Т-606 -- 0.092 0.71 79 + 28 — 
G-41 — 0.447 21.9 4.4 +- 0.1 — 
G-52 — 0.436 27.4 3.9 + 0.2 -- 
G-56 1/2 x 1/2 in. 42 0.304 8.1 11.1 d- 1.1 84. 3.74 
ВАЗЕ 5x5mm 87.3 0.500 11.8 7.3 - 0.7 41. 2.05 
Harshaw 1/4 x 1/4 in. 44 0.489 13.3 7.2 + 0.1 91. 3.95 
Haldor 1/4 x 1/4 in. 143 0.433 15.8* 2.8 25.8 0.83 
Topsøe 





Catalyst Description 

T-126 Activated y-alumina 

T-1258 Activated y-alumina 

T-826 3% CoO, 10% MoO;, and 3% МЮ on alumina 

T-314 About 8-10% Ni and Cr in the form of oxides on an 
activated alumina 

Т-310 About 10-12% nickel as the oxide on an activated 
alumina 

T-606 Specially compounded refractory oxide support 

G-39 A cobalt-molybdenum catalyst, used for simultaneous 
hydrodesulfurization of sulfur compounds and 
hydrogenation of olefins 

G-35 А cobalt-molybdenum catalyst supported on high- 
purity alumina, used for hydrodesulfurization of 
organic sulfur compounds 

0-41 А chromia-alumina catalyst, used for hydrodealkyla- 
tion and dehydrogenation reactions 

G-58 Paliadium-on-alumina catalyst, for selective hydro- 
genation of acetylene in ethylene 

G-52 Approximately 33 wt % nickel on a refractory oxide 
support, prereduced. Used for oxygen removal from 
hydrogen and inert gas streams 

G-56 A nickel-base catalyst used for steam reforming of 
hydrocarbons 

BASF A methanol synthesis catalyst, prereduced 

Harshaw A methanol synthesis catalyst, prereduced 

Haldor A methanol synthesis catalyst, prereduced 

Topsge 


“The measured effective diffusivities are those of hydrogen in 
nitrogen at room temperature and pressure except that of Haldor 
Topsoe which is of helium in nitrogen. 

{Satterfield and Cadle, ind. Eng. Chem. Process Design and 
Development, 7, 256 (1968). 





path. Two tortuosity factors are defined: 


т, = ratio of measured diffusivity to that calculated with the known 
pore size distribution and bulk diffusivity and the thickness of 
the catalyst mass. 

T,-ratio of measured diffusivity to that calculated from the 
Knudsen formula with a mean pore diameter. 


The data of Table 17.8 exhibit а fairly narrow range of v,, an 
average of about 4, but there seems to be no pattern to Tm, which is 
not surprising since the diffusions actually are intermediate between 
bulk and Knudsen in these cases. In order to be able to calculate 
the effective diffusivity, it is necessary to know the pore size 
distribution, the specific surface, the porosity, and bulk diffusivity in 
the reaction mixture under reaction conditions. Such a calculation is 
primarily of theoretical interest. Practically it is more useful to 
simply measure the diffusivity directly, or even better to measure 
the really pertinent property of catalyst effectiveness as defined 
next. 


CATALYST EFFECTIVENESS 


Catalyst effectiveness is a measure of the extent of utilization of 
internal surface; it is the ratio of a rate of reaction actually achieved 
with the catalyst particle to the rate that would prevail if all of the 
internal surface were exposed to the reactant concentration at the 
external surface of the particle. The rate equation accordingly is 
modified to 

r = knf(C,), (17.30) 
where 7 is the catalyst effectiveness and C, is the concentration of 
the reactant at the external surface. For isothermal reactions, 2] 
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always is less than unity, but very large values can develop for 
exothermic reactions in poorly conducting catalysts. 

А great deal of attention has been devoted to this topic because 
of the interesting and often solvable mathematical problems that it 
presents. Results of such calculations for isothermal zero-, first-, 
and second-order reactions in uniform cylindrical pores are 
summarized in Figure 17.6. The abscissa is a modified Thiele 
modulus whose basic definition is 

ф -К/к,Ст” Det (17.31) 
where R is а linear dimension (the radius of а sphere, for example), 
k, the specific rate on a volumetric basis, C, the surface 
concentration, и the order of the reaction, and D,& the effective 
diffusivity. For nonisothermal reactions, those with variable volume 
and with rate equations of the Langmuir-Hinshelwood or other 
complex types, additional parameters are involved. Although such 


Pressure 
(atm) bo b, b; 
150 —17.539096 0.07697849 6.900548 
225 —8.2125534 0.03774149 6.190112 
300 —4.6757259 0.02354872 4.687353 
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calculations can be made, they still require measurements of 
effective diffusivity as well as a number of unverifiable assumptions. 
Accordingly in practical cases it is preferable to make direct 
measurements of catalyst effectiveness and to correlate them with 
operating parameters. The effectiveness is deduced by comparing 
conversion with the reference particle size with those with 
successively small particle sizes until the effect disappears. Two 
examples are presented to illustrate the variables that are taken into 
account and the magnitudes of the effects. 

For synthesis of ammonia the effectiveness has been measured 
by Dyson and Simon [/nd. Eng. Chem. Fundam. 7, 605-610 (1968)] 
and correlated by the equation 

n = bot byT + box + b4T? + b,x? + b,T? + bex’, (17.32) 
where T is in K, x is fractional conversion of nitrogen, and the b; 
depend on pressure as given in this table: 


bs b, bs bg 


—26.42469 4.927648 x 10 ? 38.93727 
—20.86963 2.379142 x 10 ? 27.88403 
—11.28031 1.540881x 10 ? 10.46627 
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Figure 17.6. Generalized chart of catalyst effectiveness for reactions of order n in particles with external surface А, and volume У,. The 
upper curve applies exactly to zero-order reaction in spheres, and the lower one closely for first- and second-order reactions in spheres. 


The reference mixture has Н,/№, =3 and contains 12.7% inert; 
other ratios had slightly different effectiveness. The particle 
diameters are 6-10 mm. Some calculations from this equation at 
225 atm are: 


T x n 


700 0.25 0.81 
700 0.10 0.57 
650 0.25 0.91 


For oxidation of sulfur dioxide, measurements of effectiveness were 
made by Kadlec, Pour, and Regner [Coll. Czech. Chem. Commun. 
33, 2388, 2526 (1968)] whose data are shown following. They are at 
atmospheric pressure. The initial content of SO, and the conversion 
have little effect on the result. Both increase in size of granule and 
temperature lower the effectiveness, although the effect of 
temperature is somewhat erratic. 


Experimentally Determined Effectiveness Factors 


Conversion 


С 9680, 04 0.5 0.6 0.7 0.8 0.9 


irregular grain shape, fraction 5-6 mm 
460 7 0.84 0.84 082 0.83 0.82 0.81 
7 0.60 0.62 0.62 0.62 0.60 0.60 
500 7 — 0.54 0.51 0.50 0.50 0.52 
520 7 — 0.35 0.35 0.35 0.38 0.38 
Cylindricat granules of 6 mm diameter апа 12 mm length 


460 7 0.57 0.57 0.59 0.60 0.60 0.60 
10 9.58 0.62 0.63 0.63 0.62 0.62 


480 7 0.53 0.54 0.58 0.57 0.56 0.57 
10 0.44 0.45 0.45 0.46 045 0.47 
500 7 0.25 0.25 027 028 027 0.31 


10 0.26 027 0.30 0.30 0.31 0.30 
520 7 - 0.21 021 0.22 0.22 0.23 
10 — 020 021 021 022 0.24 


The rate equations of both these processes are quite complex, 
and there is little likelihood that the effectiveness could be deduced 
mathematically from fundamental data as functions of temperature, 
pressure, conversion, and composition, which is the kind of 
information needed for practical purposes. Perhaps the only 
estimate that can be made safely is that, in the particle size range 
below 1 mm or so, the effectiveness probably is unity. The pene- 
tration of small pores by liquids is slight so that the catalysts used 
in liquid slurry systems are of the low specific surface type or even 
nonporous. 


17.6. TYPES AND EXAMPLES OF REACTORS 


Almost every kind of holding or contacting equipment has been 
used as a chemical reactor at some time, from mixing nozzles and 
centrifugal pumps to the most elaborate towers and tube 
assemblies. This section is devoted to the general characteristics of 
the main kinds of reactors, and also provides a gallery of selected 
examples of working reactors. 

The most obvious distinctions are between nonflow (batch) and 
continuous operating modes and between the kinds of phases that 
are being contacted. A classification of appropriate kinds of reactors 
on the basis of these two sets of distinctions is in Figure 17.7. 

When heterogeneous mixtures are involved, the conversion 
rate often is limited by the rate of interphase mass transfer, so that 
a large interfacial surface is desirable. Thus, solid reactants or 
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catalysts are finely divided, and fluid contacting is forced with 
mechanical agitation or in packed or tray towers or in centrifugal 
pumps. The rapid transfer of reactants past heat transfer surfaces by 
agitation or pumping enhances also heat transfer and reduces 
harmful temperature gradients. 

Batch processing is used primarily when the reaction time is 
long or the required daily production is small. The same batch 
equipment often is used to make a variety of products at different 
times. Otherwise, it is not possible to generalize as to the 
economical transition point from batch to continuous operation. 
One or more batch reactors together with appropriate surge tanks 
may be used to simulate continuous operation on a daily or longer 
basis. 


STIRRED TANKS 


Stirred tanks are the most common type of batch reactor. Typical 
proportions are shown on Figures 17.8 and 10.1, and modes of level 
control on Figure 3.6. Stirring is used to mix the ingredients 
initially, to maintain homogeneity during reaction, and to enhance 
heat transfer at a jacket wall or internal surfaces. The reactor of 
Figure 17.9(b) employs a pumparound for mixing of the tank 
contents and for heat transfer in an outside exchanger. Pumparound 
or recycle in general may be used to adapt other kinds of vessels to 
service as batch mode reactors; for example, any of the packed 
vessels of Figure 17.10(а)-(е). A pumparound tubular flow reactor 
is employed for the polymerization of ethylene on Figure 17.11(c); 
as the polymer is formed, it is bled off at a much lower rate than 
that of the recirculation, so that in a sense íhe action of this 
equipment approaches batch operation. 

Some special industrial stirred reactors are illustrated in Figure 
17.10: (b) is suitable for pasty materials, (c) for viscous materials, 
and the high recirculation rate of (d) is suited to intimate contacting 
of immiscible liquids such as hydrocarbons with aqueous solutions. 

Many applications of stirred tank reactors are to continuous 
processing, either with single tanks or multiple arrangements as in 
Figures 17.9(c)-(d). Knowledge of the extent to which a stirred 
tank does approach complete mixing is essential to being able to 
predict its performance as a reactor. The other limiting case is that 
of plug flow, in which all nonreacting molecules have the same 
residence time. Deviations from the limiting cases of complete 
mixing (in а CISTR) and no axial mixing (in а РЕК) are evaluated 
with residence time distributions (RTDs) based on analyses of 
tracer tests. 

At present, RTD behavior has not been well correlated with 
operating or design factors, but the technique is of diagnostic value 
with existing equipment. CISTR (continuous ideal stirred tank 
reactor) behavior is approached when the mean residence time is 
5-10 times the mixing time, which is in turn the length of time 
needed to achieve homogeneity of a mixture of several inputs. 
Often this is achieved by 50-200 revolutions of a properly designed 
stirrer. Although mixing times have been the subject of many 
studies in the literature (Westerterp et al., 1984, p. 254), no useful 
generalizations have been deduced. The mixing time depends on 
the geometry and the speed and power of the agitator. A propeller 
above and a turbine below on the same shaft, baffles attached to the 
wall of the tank, and possibly a draft tube around the shaft for 
effective recirculation of the contents constitute a basic design. 
However, no completely rational design of mixing equipment is 
possible at this time, so that in critical cases experts should be 
consulted. Chapter 10 also deals with this topic. 

Power input per unit volume and impeller tip speeds are often 
used measures of the intensity of stirring, assuming correct 
proportions of the vessel and proper baffling. Appropriate ranges 
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Figure 17.7. Classification of reactors according to the mode of operation and the kinds of phases involved. 


for some reaction conditions are as tabulated: 


reed Operation KW/m?^ Tip speed (m/sec) 
Blending 0.05-0.1 
Homogeneous reaction 0.1-0.3 2.5-3.3 
Reaction with heat transfer 0.3-1.0 3.5-5.0 
Саз—Наца, liquid-liquid 1-2 5—6 
Slurries 2-5 


31 kW/m? = 5.08 НР/1000 gal 


Heat transfer coefficients in stirred tank operations are discussed in 
Section 17.7. 

For a given load and conversion, the total volume of a CSTR 
(continuous stirred tank reactor) battery decreases with the number 
of stages, sharply at first and then more slowly. When the reaction 
is first order, for example, r — KC, the ratio of total reactor volume 
V, of n stages to the volumetric feed rate V is represented by 





KV,/V6=n[(Co/C) — 1]. (17.33) 
At conversions of 95 and 99%, some values from this equation are 
n 1 2 3 4 5 10 
kV. / Vo at 95% 19 6.9 51 4.5 5.1 3.5 
Product kV. / V5 at 99% 99 18.0 10.9 97 7.6 5.9 


Since the cost of additional controls, agitators, and pumps can 
counterbalance the savings in volume, four or five tanks in a battery 
Figure 17.8. Typical proportions of a stirred tank reactor with radial normally prove to be an optimum number, but a larger number of 
and axial impellers, four baffles, and a sparger feed inlet. stages may be economical with a single shell design like Figure 
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4 
i 


Figure 17.9. Stirred tank reactors, batch and continuous. (a) With agitator 


and internal heat transfer surface, batch or continuous. 
pumparound mixing and external heat transfer surface, 


(b) With 
batch or 


continuous. (c) Three-stage continuous stirred tank reactor battery. (d) 
Three-stage continuous stirred tank battery in a single shell. 


17.9(d), particularly when the stages are much less efficient than 
ideal ones. 

For some purposes it is adequate to assume that a battery of 
five or so CSTRs is a close enough approximation to a plug flow 
reactor. The tubular flow reactor is smaller and cheaper than any 
comparable tank battery, even a single shell arrangement. For a 
first order reaction the ratio of volumes of an n-stage CSTR and a 
PFR is represented by 


(У,)сѕтв/(У,)рғв = n[(Cy/ C)" - ЦЛа(сСо/С). 


For example, when n =5 and conversion is 99%, the ratio is 1.64. 
For second-order and other-order reactions a numerical solution for 
the ratio is needed, one of which is represented by Figure 17.12. 
For a second order reaction the ratio is 1.51 at 99% conversion with 
five stages. 

А further difference between CSTR batteries and PFRs is that 
of product distributions with complex reactions. In the simple case, 
А > В С for example, a higher yield of intermediate product B is 
Obtained in a PFR than in a single CSTR. It is not possible to 
generalize the results completely, so that the algebra of each 
individual reacting system must be worked out to find the best 
mode. 


(17.34) 


TUBULAR FLOW REACTORS 


The ideal behavior of tubular flow reactors (ТЕК) is plug flow, in 
which all nonreacting molecules have equal residence times. Any 


backmixing that occurs is incidental, the result of natural turbulence 
or that induced by obstructions to flow by catalyst granules or tower 
packing or necessary internals of the vessels. The action of such 
obstructions can be two-edged, however, in that some local 
backmixing may occur, but on the whole a good approach to plug 
flow is developed because large scale turbulence is inhibited. Any 
required initial blending of reactants is accomplished in mixing 
nozzles or by in-line mixers such as those of Figures 10.13-10.14. 
As a result of chemical reaction, gradients of concentration and 
temperature are developed in the axial direction of TFRs. 

TFRs may be of pipe diameters ranging from 1 to 15 cm or so, 
or they may be vessels of diameters measured in meters. Figure 
17.13 is of a variety of vessel configurations. Single tube reactors 
more than 1000m long are used, in which case they are 
trombone-shaped as on Figures 17.14(f) and 17.15(c). The selection 
of diameter is a result of compromise between construction cost, 
pumping cost, and required heat transfer. In some cases it may be 
necessary to avoid the laminar flow region, which is below Reynolds 
numbers of 2300—4000 or so, if the reaction is complex and a spread 
of residence times is harmful. 

When many tubes in parallel are needed, a shell-and-tube 
construction like that of beat exchangers is employed; the vessel 
then may be regarded as a heat exchanger in which a reaction 
occurs incidentally. Heat transfer to single tubes is accomplished 
with jackets in Figure 17.14(f) and in a fired heater in Figure 
17.15(c). Some of the many designs of fired heaters that are suitable 
for pyrolysis and other high temperature reactions are illustrated on 
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Figure 17.10. Several modes of mixing in commercial tank reactors. (a) Steam-jacketed autoclave, 120 gal, 200 рые, 300°F (courtesy 
Blaw-Knox Co.) (b) Horizontal autoclave, 650 gal, 100 psig (courtesy Blaw-Knox Со.). (c) Ball-mill sulfonator [Groggins. Courtesy 
McGraw-Hill, New York]. (d) Horizontal heat-exchange reactor (courtesy Stratford Engineering Corp. patents issued and pending). 


Figure 17.16. In the process for making phenol, monochlorbenzene, Some unusual flow reactors are shown in Figure 17.14. The 
and aqueous caustic are reacted at 320°С and 200 atm in multipass residence times in the units for high temperature pyrolysis to make 
tubes of 10 cm dia or so in a fired heater. acetylene and ethylene and for the oxidation of ammonia are 

In general, the construction of TFRs is dictated by the need for measured in fractions of a second; acetic anhydride is made by 
accommodation of granular catalysts as well as for heat transfer. mixing reactants quickly in a centrifugal pump; NO is formed at 
Some of the many possible arrangements are illustrated on Figure very high temperature in an electric furnace; and ethylene is 
17.13 and elsewhere in this section. polymerized at high or low pressures in the two units shown. 
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Figure 17.11. Types of contactors for reacting gases with liquids; many of these also are suitable for reacting immiscible liquids. Tanks: (а) 
with a gas entraining impeller; (b) with baffled impellers; (c) with a draft tube; (d) with gas input through a rotating hollow shaft. (e) Venturi 
mixer for rapid reactions. (f) Self-priming turbine pump as a mixer-reactor. (g) Multispray chamber. Towers: (В) parallel flow falling film; (i) 
spray tower with gas as continuous phase; (j) parallel flow packed tower; (К) counter flow tray tower. (1) A doublepipe heat exchanger used 
as a tubular reactor. 


Figure 17.12. Ratio of volumes of an n-stage CSTR battery and a plug flow 
reactor as a function of residual concentration ratio C/C, with a rate 


equation r = КС". 
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GAS-LIQUID REACTIONS 


Except with highly volatile liquids, reactions between gases and 
liquids occur in the liquid phase, following a transfer of gaseous 
participants through gas and liquid films. The rate of mass transfer 
always is a major or limiting factor in the overall transformation 
process. Naturally the equipment for such reactions is similar to that 
for the absorption of chemically inert gases, namely towers and 
stirred tanks. Figure 17.11 illustrates schematically types of 
gas-liquid reactors. Figure 17.17 shows specific examples of such 
reactors: In the synthesis of butynediol, acetylene at high pressure is 
bubbled into aqueous formaldehyde at several positions along a 
tower in (a). The heat of absorption of nitrogen oxides in water to 
make nitric acid is removed in two ways in the equipment of (b) and 
(e). Fats are hydrogenated in a continuous multistage stirred reactor 
in (c) and under batch conditions in a coil-cooled stirred tank in (d). 
А thin film reactor is used for the sulfonation of dodecylbenzene 
with SO; in (f). Hydrogen is recirculated with a hollow-shaft 
agitator to convert nitrocaprolactam in (g). A shell-and-tube design 
is used for the reaction of ammonia and adipic acid in (h). 

Reactions between gases and liquids may involve solids also, 
either as reactants or as catalysts. Table 17.9 lists a number of 
examples. The lime/limestone slurry process is the predominant one 
for removal of SO, from power plant flue gases. In this case it is 
known that the rate of the reaction is controlled by the rate of mass 
transfer through the gas film. 

Some gases present in waste gases are recovered by scrubbing 
with absorbent chemicals that form loose compounds; the absorbent 
then may be recovered for reuse by elevating the temperature or 
lowering the pressure in a regenerator. Such loose compounds may 
exert appreciable back pressure in the absorber, which must be 
taken into account when that equipment is to be sized. 
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Tn all cases, a limiting reactor size may be found on the basis of 
mass transfer coefficients and zero back pressure, but a size 
determined this way may be too large in some cases to be 
economically acceptable. Design procedures for mass transfer 
equipment are in other chapters of this book. Data for the design of 
gas-liquid reactors or chemical absorbers may be found in books 
such as those by Astarita, Savage, and Bisio (Gas Treating with 
Chemical Solvents, Wiley, New York, 1983) and Kohl and 
Riesenfeld (Gas Purification, Gulf, Houston, TX, 1979). 


FIXED BED REACTORS 


The fixed beds of concern here are made up of catalyst particles in 
the range of 2-5 mm dia. Vessels that contain inert solids with the 
sole purpose of improving mass transfer between phases and 
developing plug flow behavior are not in this category. Other uses 
of inert packings are for purposes of heat transfer, as in pebble 
heaters and induction heated granular beds—these also are covered 
elsewhere. 
The catalyst in a reactor may be loaded in several ways, as: 


1. a single large bed, 
2. several horizontal beds, 
3. several packed tubes in a single shell, 








(9) 


4. а single bed with imbedded tubes, 
S. beds in separate shells. 


Some of the possibilities are illustrated in Figures 17.13 and 17.18. 
Variations from a single large bed are primarily because of a need 
for control of temperature by appropriate heat transfer, but also for 
redistribution of the flow or for control of pressure drop. There are 
few fixed bed units that do not have some provision for heat 
transfer. Only when the heat of reaction is small is it possible to 
regulate the inlet temperature so as to make adiabatic operation 
feasible; butane dehydrogenation, for example, is done this way. 

Because of their long industrial histories and worldwide 
practice, the sulfuric acid and ammonia industries have been 
particularly inventive with regard to reactors. A few designs for SO; 
oxidation are illustrated in Figure 17.19. Their dominant differences 
are in modes of temperature control to take advantage of high rates 
of reaction at high temperature and favorable equilibrium 
conversion at lower temperatures. Figure 17.19(g) shows the 
temperature profile achieved in that equipment, and Figure 17.20 
presents patterns of temperature control іп the production of 50}, 
ammonia, and methanol. 

A selection of ammonia reactors is illustrated in Figures 17.21 
and 17.22. These vessels incorporate particularly elaborate means 
for temperature regulation. The basic flow pattern is indicated in 
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Figure 17.13. Multibed catalytic reactors: (a) adiabatic; (b) interbed coldshot injection; (c) shell and tube; (d) built-in interbed heat 
exchanger; (e) external interbed exchanger; (f) autothermal shell, outside influent-effluent heat exchanger; (g) multishell adiabatic reactor 
with interstage fired heaters; (h) platinum-catalyst, fixed bed reformer for 5000 bpsd charge rate; reactors 1 and 2 are 5.5 ft dia by 9.5 ft high 
and reactor 3 is 6.5 x 12.0 ft. 
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Figure 17.21(a), and some temperature profiles in Figures 17.22(d) for making synthetic fuels. The units of Figure 17.24 for synthesis of 


and 17.23(e). For modern high capacity performance in single units, methanol and gasoline are typical fixed bed types. 

reactors with short travel paths through the catalyst and pressures Catalytic reformers upgrade low octane naphthas into gasoline 
below 200 atm are favored. Comparative performance data over a in the presence of hydrogen to retard deposition of carbon on the 
range of conditions appear in Figure 17.22. catalyst. Temperatures to 500°C and pressures to 35atm are 


Thermal effects also are major factors in the design of reactors necessary. Representative reactors are shown in Figure 17.25. 
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Figure 17.14. Some unusual reactor configurations. (a) Flame reactor for making ethylene and acetylene from liquid hydrocarbons [Patton et 
al., Pet Refin 37(11) 180, (1958)]. (b) Shallow bed reactor for oxidation of ammonia, using Pt-Rh gauze [Gillespie and Kenson, Chemtech, 
625 (Oct. 1971)]. (c) Schoenherr furnace for fixation of atmospheric nitrogen. (d) Production of acetic acid anhydride from acetic acid and 


gaseous ketene in a mixing pump. (e) Phillips reactor for low pressure polymerization of ethylene (closed loop tubular reactor). (f) 
Polymerization of ethylene at high pressure. 
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Figure 17.14—(continued) 


Feedstocks to such units usually must be desulfurized; a reactor like 
that of Figure 17.26 hydrogenates sulfur compounds to hydrogen 
sulfide, which is readily removed. 

Fluid flow through fixed bed reactors usually is downward. 
Instead of screens for supporting catalyst in the vessel, a support of 
graduated sizes of inert material is used, as illustrated in Figure 
17.27. Screens become blinded by the small particles of catalyst. A 
similar arrangement is used at the top to prevent disturbance of the 
catalyst level by the high velocity fluids. 
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POLYETHYLENE 


MOVING BEDS 


Іш such vessels granular or lumpy material moves vertically 
downward as a mass. The solid may be a reactant or a catalyst or a 
heat carrier. The reactor of Figure 17.28(a) was used for the fixation 
of nitrogen in air at about 4000?F. The heat-carrying pebbles are 
heated by direct contact with combustion gases, dropped into a 
reaction zone supplied with reacting air, and then recycled with 
elevators to the reheating zone. The treated air must be quenched 
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Figure 17.15. A fired heater as a high temperature reactor. (a) Arrangement of tubes and burners: (1) radiant tubes; (2) radiant panel 
burners; (3) stack; (4) convection chamber tubes (Sukhanov, Petroleum Processing, Mir, Moscow, 1982). (b) Radiant (surface-combustion) 
panel burner: (1) housing; (2) ceramic perforated prism; (3) tube; (4) injector; (5) fuel gas nozzle; (6) air throttle (Sukhanov, Petroleum 
Processing, Mir, Moscow, 1982). (c) Fired tubular cracking furnace for the preparation of ethylene from naphtha. 
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Figure 17.16. Basic types of tubular furnaces [Nelson, Petroleum Refinery Engineering, 
McGraw-Hill, 1958. Courtesy McGraw-Hill, New York]. 


at the rate of about 25,000°F/sec to retain a concentration of about 
1% nitrogen oxides. In another such operation, two units are used 
in parallel, one being heated while the other is reacting. 

The pebble heater, Figure 17.28(b), is used in the same 
manner; its application to the pyrolysis of oils to make ethylene also 
did not prove competitive and has been abandoned. 

Units like that of Figure 17.28(c) were employed at one time in 
the catalytic cracking of gas oils. The catalyst is transferred between 
regenerating and reacting zones with bucket elevators or air lifts. 
Some data for this equipment are given with the figure. 

Two examples in which the solid itself is reactive are the shale 
oil retorts of Figure 17.29. Crushed oil shale is charged at the top, 


air and gaseous fuel at the bottom. When the shale moving 
downward reaches a temperature of 900°F, the kerogen decomposes 
into oil vapor, gas, and carbonaceous residue. There are many 
designs of pilot plant retorts, but the only commercial units at 
present are in the USSR and China. 


KILNS AND HEARTH FURNACES 


These units are primarily for high temperature services, the kilns up 
to 2500°F and the furnaces up to 4000°F. Usual construction is 
steel-lined with ceramics, sometimes up to several feet in thickness. 

Vertical kilns are used for materials that do not fuse or soften, 
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as for the burning of limestone or dolomite. Many such operations 
are batch: the fresh solid is loaded into the kiln, heated with 
combustion products until reaction is complete, and then dumped. 
The lime kiln of Figure 17.30(c), however, operates continuously as 
a moving bed reactor. These vessels range in size from 8 to 15 ft dia 
and are 50-80 ft high. For calcination of lime the peak temperatures 
are about 2200°F, although decomposition proceeds freely at 
1850°F. Fuel supply may be coke mixed with the limestone if the 
finished lime can tolerate the additional ash, or gaseous or liquid 
fuels. Space velocity is 0.8-1.5lb CaO/(hr)(cuft of kiln), or 
45-100 lb CaO/(hr)(sqft of kiln cross section), depending on the 
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size and modernity of the kiln, the method of firing, and the lump 
size which is іп the range of 4~10 in. 

Rotary kilns have many applications as reactors: between finely 
divided solids (cement), between liquids and solids (salt cake from 
salt and sulfuric acid), between gases and solids, and for the 
decomposition of solids (SO4 and lime from CaSO,). Тһе Кіп is a 
long narrow cylinder with a length-to-diameter ratio of 10-20. 
General purpose kilns are 100—125 ft long, but cement kilns as large 
as 12ft dia by 425ft long are operated. An inclination to the 
horizontal of 2-5 deg is sufficient to move the solid along. Speed of 
rotation is 0.25-2 rpm. Lumps up to 1. Ша or fine powders are 
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Figure 17.17. Examples of reactors for specific Нашіа-рав processes. (a) Trickle reactor for synthesis of butinediol 1.5 m dia by 18 m high. (b) 
Nitrogen oxide absorption in packed columns. (c) Continuous hydrogenation of fats. (d) Stirred tank reactor for batch hydrogenation of fats. 
(e) Nitrogen oxide absorption in a plate column. (f) A thin film reactor for making dodecylbenzene sulfonate with SO,. (g) Stirred tank 
мех for the hydrogenation of caprolactam. (В) Tubular reactor for making adiponitrile from adipic acid in the presence of phosphoric 
acid. 
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Figure 17.17—(continued) 


TABLE 17.9. Examples of Fluidized Bed Processes 


A. Catalytic Processes 


. Oil cracking and reforming 

. Recovery of high concentrations of benzene from gas oils 
. Olefin production from crude oil 

. Chlorine by oxidation of HCI 

. Acetylene from methane 

. Preparation of unsaturated aldehydes 

. Reduction of nitro compounds to amines 
. Oxidation of SO; to 50; 

‚ Phthalic anhydride from naphthalene or o-xylene 
10. Maleic acid anhydride from benzene 

11. Formaldehyde from methanol 

12. Chlorination of methane and ethylene 
13. Fischer-Tropsch synthesis of gasoline 
14. Hydrogenation of ethylene 

15. Oxidation of ammonia 

16. Ethylene oxide from ethylene 

17. Butadiene from ethanol 

18. Dehydrogenation of isopropanol 

19. Isomerization of n-butane 

20. Post-chlorination of PVC 

21. Decomposition of ozone 

22. Preparation of chiorinated hydrocarbons 
23. Preparation of melamine resins 

24. Іворгепе synthesis 

25. Reduction of vinyl acetate 

26. Preparation of acrylonitrile 


WON O0 Oi > ом = 


B. Noncatalytic Processes 


1. Gasification of coal 

2. Fluid bed coking 

3. Pyrolytic cracking of methane 

4. Preparation of activated carbon 

5. Ethylene by cracking of petroleum fractions 
6. Combustion of coal 
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(h) 


. Burning of oil shale 

. Combustion of municipal and industrial wastes 

. Burning of black liquor (paper industry) 

. Roasting of sulfides of iron, copper, and zinc 

. Combustion of sulfur in a sand bed 

. Decomposition of waste sulfuric acid and sulfates 

. Cracking of chlorides such ав FeCl;, NiCla, and AICI, 

. Volatilization of rhenium 

. Burning of limestone and dolomite 

. Cement burning 

. Reduction of iron ores and metallic oxides 

. Chlorination of ores of aluminum, titanium, nickel, cobalt, and tin 
. Chlorination of roasted pyrites and iron ores 

. Chlorination of lime 

. Calcination of aluminum hydroxide to alumina 

. Preparation of aluminum sulfate from bauxite 

. Preparation of fluorides aluminum trifluoride, uranium tetra- and 


hexafluorides 


. Preparation of pure tungsten from the fluoride 

. Calcination of phosphates 

. Preparation of phosphorus oxychloride 

. Preparation of carbon disulfide 

. Preparation of hydrazine 

. Preparation of nitric acid 

. Preparation of nitrates of ammonia and sodium 

. Preparation of sodium carbonate 

. Preparation of hydrogen cyanide 

. Hydrochlorination of uranium fuel elements 

. Preparation of uranium trioxide from the nitrate 

. Recovery of uranium from nuciear fuels 

. Removal of fluorine from offgases of aluminum electrolysis 
. Heating of heat transfer media such as sand 

. Cooling of granular masses such as fertilizers 

. Drying of finely divided materials such as fiotation ores and raw 


phosphates 


. Coating of fuel elements by pyrolytic cracking of chlormethylsilanes 
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(f) (g) 


(h) 


Figure 17.18. Heat transfer in fixed-bed reactors: (a) adequate preheat; (b) internal heat 
exchanger; (c) annular cooling spaces; (d) packed tubes; (e) packed shell; (f) tube and thimble; 
(g) external heat exchanger; (h) multiple shell, with external heat transfer (Walas, 1959). 


usual. Heating mostly is with combustion gases, but some low 
temperature heating may be accomplished through heated jackets. 
Figures 17.30(a) and (b) show the temperature profiles of gas and 
stock in a cement kiln and space velocities of a number of kiln 
processes. 

Multiple-hearth furnaces are suited to continuous handling of 
solids that exhibit a limited amount of fusion or sintering. In the 
kind shown on Figure 17.30(e), the scrapers rotate, in other kinds 
the plates rotate, and in still others the scrapers oscillate and 
discharge the plates at each stroke. Material is charged at the top, 
moves along as rotation proceeds, and drops onto successively 
lower plates while combustion gases or gaseous reactants flow 
upward. This equipment is used to roast ores, burn calcium sulfate 
or bauxite, and reactivate the absorbent clays of the petroleum 
industry. A reactor with nine trays, 16 ft dia and 35 ft high can roast 
about 1,250 lb/hr of iron pyrite, at a residence time of about 4-5 hr. 





(а) (b) 


Hearth furnaces consist of one or more flat or concave pans, 
either moving or stationary, usually equipped with scraper-stirrers. 
Although such equipment is used mostly for ore treating and 
metallurgical purposes, a.few inorganic chemical processes utilize 
them, for example, Leblanc soda ash, sodium sulfide from salt cake 
and coal, sodium sulfate and hydrogen chloride from salt and 
sulfuric acid, and sodium silicate from sand and soda ash. A kind of 
salt-cake furnace is shown in Figure 17.30(d). Salt and sulfuric acid 
are charged continuously to the center of the pan, and the rotating 
scrapers gradually work the reacting mass towards the periphery 
where the sodium sulfate is discharged over the edge. The products 
leave at about 1000°F. Pans of 11-18 ft dia can handle 6-10 tons/ 
24 hr of salt. For comparison, a Laury horizontal rotating cylindrical 
kiln, 5 x 22 ft, has a capacity of 1 ton/hr of salt cake. 

Very high temperature operations such as those of production 
of glass or metals utilize single-hearth furnaces, often with heat 


Cooling 
medium 





(c) (d) 


Figure 17.19. Reactors for the oxidation of sulfur dioxide: (а) Feed—product heat exchange. (b) External heat exchanger and internal tube 
and thimble. (c) Multibed reactor, cooling with charge gas in a spiral jacket. (d) Tube and thimble for feed against product and for heat 
transfer medium. (e) BASF-Knietsch, with autothermal packed tubes and external exchanger. (f) Sper reactor with internal heat transfer 
surface. (в) Zieren-Chemiebau reactor assembly and the temperature profile (Winnacker-Weingartner, Chemische Technologie, Carl Hanser 
Verlag, Munich, 1950-1954). 
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Figure 17.19—(continued) 


regenerators for fuel economy. The Siemens-Martin furnace of 
Figure 17.30(d) with a hearth 13ft wide and 40ft long has а 
production rate of 10 tons/hr of steel with a residence time of 10 hr. 
The hearth volume is about 5000 сай and the total regenerator 
volume 15 about 25,000 cuft. 


FLUIDIZED BED REACTORS 


This term is restricted here to equipment in which finely divided 
solids in suspension interact with gases. Solids fluidized by liquids 
are called slurries. Three phase fluidized mixtures occur in some 
coal liquefaction and petroleum treating processes. Іп dense phase 
gas-solid fluidization, a fairly definite bed level is maintained; in 
dilute phase systems the solid is entrained continuously through the 
reaction zone and is separated out in a subsequent zone. 

The most extensive application of fluidization has been to 
catalytic cracking of petroleum fractions. Because the catalyst 
degrades in a few minutes, it is circulated continuously between 
reaction and regeneration zones. Figure 17.31(a) is a version of such 
equipment. The steam stripper is for the removal of occluded oil 
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to be burned. The main control 


before the catalyst is 
instrumentation of a side-by-side system is shown in Figure 3.6(h). 


Fluid catalytic vessels are very large. Dimensions and 
performance of a medium capacity unit (about 50,000 BPSD, 
60 kg/sec) are shown with the figure. Other data for a reactor to 
handle 15,000 BPSD are a diameter of 25 ft and a height of 50 ft. 
Catalyst holdup and other data of such a reactor are given by Kraft, 
Ulrich, and O'Connor (in Othmer (Ed.), Fluidization, Reinhold, 
New York, 1956) as follows: 


item Quantity 
Unit charge, nominal 15,000 BPSD 
Catalyst inventory, total 250 tons 
Catalyst inventory, regenerator bed 100 tons 
Superficial velocity, regenerator 2.5 fps 
Bed density, regenerator 28.0 Ib/cuft 


Flue gas plus solids density, cyclone inlet 0.5 Ib/cuft 
Catalyst circulation rate, unit 24.0 tons/min 
Catalyst circulation rate, to cyclones 7.0 tons/min 


Catalyst loss rate, design expectation 2.0 tons/day 


Figure 17.31(b) is of a unit in which most of the cracking occurs 
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Figure 17.20. Control of temperature in multibed reactors so as to utilize the high rates of reaction at high temperatures and the more 
favorable equilibrium conversion at lower temperatures. (a) Adiabatic and isothermal reaction lines on the equilibrium diagram for 
ammonia synthesis. (b) Oxidation of SO, in a four-bed reactor at essentially atmospheric pressure. (c) Methanol synthesis in a four bed 
reactor by the ICI process at 50 atm; not to scale; 35% methanol at 250°C, 8.2% at 300°C, equilibrium concentrations. 


in a transfer line, an operation that became feasible with the 
development of highly active zeolite catalysts. The reaction is 
completed in the upper zone, but the main function of that zone is 
to separate product and spent catalyst. Іп contrast to the 
dense-phase bed of a large reactor, in which mixing can approach 
ideality, the dilute phase transfer line is more nearly in plug flow. 
Accordingly, a much smaller reaction zone suffices; moreover, 
superior product distribution and greater gasoline yield result. 
Similar reactor configurations are shown in Figures 17.31(c) and (d) 
of other petroleum processes. 


The mechanism of interaction between catalyst and gas in a 
large fluidized bed is complex and is not well correlated with design 
factors. Іп the bed itself, large bubbles of a foot or more іп 
diameter form and are irrigated with a rain of catalyst particles. 
This process occurs in parallel with a well-mixed fluidized bed. 
Above the bed level and before the entrained catalyst is recovered 
in cyclones, the reaction continues in dilute phase plug flow. Since 
even the physical behavior of fluidized beds is not well understood, 
the design of such reactors is done largely on the basis of fairly large 
pilot plants and by analogy with earlier experience in this area. 
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Figure 17.21. Some recent designs of ammonia synthesis converters. (a) Principle of the autothermal ammonia synthesis reactor. Flow is 
downwards along the wall to keep it cool, up through tubes imbedded in the catalyst, down tbrough the catalyst, through the 
effluent-influent exchanger and out. (b) Radial flow converter with capacities to 1800 tons/day (Haldor Topsoe Co., Hellerup, 
Denmark). (c) Horizontal three-bed converter and detail of the catalyst cartridge. Without the exchanger the dimensions are 8 x 85 ft, 
pressure 170 atm, capacity to 2000 tons/day (Pullman Kellogg). (d) Vessel sketch, typical temperature profile and typical data of the ICI 


quench-type converter. The process gas follows a path like that of part (a) of this figure. Quench is supplied at two points (Imperial 
Chemical Industries). 
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B — Gas exit to heat recovery 

C — Gas exit 

D — Direct by-pass 

E — Gas from external start up heater 
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Figure 17.21—(continued) 


The earliest fluidized process was the noncatalytic Winkler 
process for gasification of coal in 1921. Other noncatalytic pro- 
cesses, and some catalytic ones, are listed in Table 17.9. A few 
noncatalytic reactors are shown in Figure 17.32. Cracking of 
naphthas to ethylene with circulating hot sand as the heat carrier is 
shown in part (а); at the operating temperature of 720-850°С, much 
carbon deposits on the sand but is not at all harmful as it would be 
on the surfaces of tubular cracking units. In the dilute phase process 
of calcination of alumina, part (b), the circulating solid is the 
product itself; combustion products from sprays of oil and auxiliary 
air furnish the motive power. The calcining unit for lime of part (c) 
is an example of a successful multistage reactor; residence time in 
the calcining zone is 2 hr, in the cooling zone 0.5 hr, and in each of 
the preheating zones 1 hr. Multibed units for petroleum operations 
have not been feasible, but some units have been built with a 
degree of baffling that simulates staging in a rough fashion. The 
catalyst of the phthalic anhydride reactor of part (d) does not need 
to be regenerated so the fluidized bed remains in place; since the 
reaction is highly sensitive to temperature, the oxidation is kept 
under control with much imbedded heat transfer surface and by 
cold injections. A modern coal gasifier appears in part (e); a 
thirtyfold circulation of spent char is employed along with the fresh 
feed to counteract the agglomeration tendency of many coals. The 
H-Coal reactor of part (f) operates with a three-phase mixture. The 
catalyst does not circulate but bubbles in place. Activity is 
maintained by bleeding off and replenishing 1-2% of the catalyst 


Typical Data for ICI Quench Converters of Various Sizes 


Capacity (short tpd) 660 990 1100 1650 
Pressure (psig) 4700 3200 4250 3220 
Inlet gas composition (76) 

Ammonia 4.0 3.0 32 1.4 

Inerts 15.0 12.0 15.0 12.0 
Inlet gas flow (MM scfh) 10.6 18.0 18.5 24.5 
Catalyst volume (ft?) 740 1170 1100 2400 
Pressure vessel 

Internal diameter (in.) 80 96 95 109 

Length (in.) 437 493 472 700 
Weight (short ton) 

Cartridge shell 142 34.2 22.8 56.4 

Heat exchanger 15.5 30.0 254 23.8 

Pressure vessel (less cover) 130 128 182 240 





Typical Data for ал ІСІ Quench Converter of 1300 Sbort 
Tons/ Day Capacity 


Pressure (psig) 2200 3200 4000 4700 
Inlet gas flow (MM ѕсћ)° 25.8 212 19.8 19.0 
Catalyst volume (ft?) 2600 1730 1320 1030 
Pressure vessel 

Internal diameter (in.) 120 102 96 89 

Length (in.) 663 606 528 488 
Weight (short ton) 

Cartridge shell 68.5 40.8 292 23.6 

Heat exchanger 37.1 254 20.7 17.9 

Pressure vessel (less cover) 186 184 187 189 
Converter pressure drop (psi) 140 104 87 91 





*Composition: 2% МН}, 12% inerts (СН, + A), 21.5% N;, 64.5% H, by vol. 


holdup per day. Operating conditions are 450°C and 3000 psig. Both 
coal and heavy petroleum residua are handled successfully. The unit 
is known as an “ebullating bed.” 

The literature of fluidization phenomena and technology is 
extensive. A good although dated bibliography is in Ullmann’s 
Encyclopedia (1973, Vol. 3, pp. 458-460). The book by Chere- 
misinoff and Cheremisinoff (1984) has more than 500 abstracts 
of articles on fluidization hydrodynamics, mixing and heat transfer, 
but little on reactor technology. Other literature on fluidization 
is cited in the References of Chapter 6. 


17.7. HEAT TRANSFER IN REACTORS 


Maintenance of proper temperature is a major aspect of reactor 
operation. The illustrations of several reactors in this chapter depict 
a number of provisions for heat transfer. The magnitude of required 
heat transfer is determined by heat and material balances as 
described in Section 17.3. The data needed are thermal con- 
ductivities and coefficients of heat transfer. Some of the factors 
influencing these quantities are associated in the usual groups for 
heat transfer; namely, the Nusselt, Stanton, Prandtl, and Reynolds 
dimensionless groups. Other characteristics of particular kinds of 
reactors also are brought into correlations. A selection of practical 
results from the abundant literature will be assembled here. Some 
modes of heat transfer to stirred and fixed bed reactors are 
represented in Figures 17.33 and 17.18, and temperature profiles in 
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(4) 


Fauser-Montecatini (old style) converter operating at 300 atm with external heat exchange, showing axial profiles of temperature 


and ammonia concentration. 


(c) 
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converter operating at 1000 айт; typical dimensions 1.2 х7 т. 
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Figure 17.22. Representative ammonia converters operating at various pressures and effluent concentrations (Vancini, 1971). (a) 


300atm; typical dimensions, 1.1X 12.8 т. (c) Claude 
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Figure 17.22—(continued) 
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Figure 17.23. Representative temperature profiles in reaction exchanqer 
systems (see also Figs. 17.20, 17.21(d), 17.22(d), 17.30(c), 
17.34, and 17.35). (а) A jacketed tubular reactor. (b) Burner REACTANTS 
and reactor for high temperature pyrolysis of hydrocarbons 
(Ullmann, 1973, Vol. 3, p. 355); (c) A catalytic reactor y 
system in which the feed is preheated to starting temperature 4 RODUCT 
and product is properly adjusted; exo- and endothermic PRU 
Temperature 


profiles. (d) Reactor with built-in heat exchange between 
feed and product and with external temperature adjustment; 
exo- and endothermic profiles. (9) 
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Figure 17.24. Types of reactors for synthetic fuels [Meyers (Ed.), Handbook of Synfuels Technology, McGraw-Hill, New York, 1984]. (a) 
ICI methanol reactor, showing internal distributors. C, D and E are cold shot nozzles, Е = catalyst dropout, L = thermocouple, and 
О = catalyst input. (b) ICI methanol reactor with internal heat exchange and cold shots. (c) Fixed bed reactor for gasoline from coal synthesis 
gas; dimensions 10 x 42 ft, 2000 2-in. dia tubes packed with promoted iron catalyst, production rate 5tons/day per reactor. (d) Synthol 
fluidized bed continuous reactor system for gasoline from coal synthesis gas. 
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3—pipe connection for product discharge; 4—external thermocouple: 5— pipe 
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neration); 6—pipe connection for catalyst discharge; 7—light-weight fireclay: 
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1—multizunal thermocouple, 2—-reactor housing; 3—lining; 4—surface ther- 
mocouple; 5— porcelain balls; 6— pipe connection for discharge of product during 
ejecting of system (in catalyst regeneration); 7— pipe connection for catalyst 
discharge; &—catalyst. Lines: I—gas-product mixture; J1—reaction products 


(b) 


Figure 17.25. Catalytic reforming reactors of axial and radial flow types. The latter is favored because of lower pressure drop (Sukhanov, 
Petroleum Processing, Mir, Moscow, 1982). (a) Axial flow pattern. (b) Radial flow pattern. 


several industrial reactors appear in Figures 17.20-17.23, 17.30, 


17.34, and 17.35. 


STIRRED TANKS 


Values of overall coefficients of heat transfer are collected in Tables 


17.10-17.12. Two sets of formulas for tank-side film coefficients are 


in Tables 17.13 and 17.14. They relate the Nusselt number to the 
Reynolds and Prandtl numbers and several other factors. In the 


equation for jacketed tanks, for example, 


2 0.66 0.33 0.14 
ho(jacket) 1 = 0.85(7 М 2 ) (=) ( £) 


4979” 





(17.35) 


the rpm, the tank and impeller diameters, and the liquid depth as 
well as a viscosity ratio are involved. Table 17.14 identifies the kind 
of impeller that was used in the investigation, but in general test 
results have shown that approximately the same heat transfer 
coefficient is obtained with flat-blade turbines, pitched-blade 
turbines, or propellers. Axial flow turbines produce the most 
circulation for a given power input and heat transfer is related 
directly to the flow, so that this kind of impeller usually is favored. 
From Eq. (17.35), the coefficient is proportional to the 0.66 power 
of the rpm, №56, and from Chapter 10, the power input at high 
Reynolds numbers varies as the cube root of N. Accordingly it 
appears that the coefficient is proportional to the 0.22 exponent of 
the power input to the stirred tank, 
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J—-housing; 2—support ring; 3--inlet pipe connection; те ріре соп- 
nection, $—tjeve; 6— catalyst discharge pipe connection, 7—porcelain balls; 
$—cnatalyst space; 9— reactor lining (mesh-einforced gunite); 10— distribution 
tray (for uniform distribution of catalyst during charging); 11—union for zonal 
thermocouple; 12--union for thermocouple; 13— lightweight fireclay brick; 14— 


Figure 17.26. Reactor for hydrofining diesel oils, with ceramic 
lining (Sukhanov, Petroleum Processing, Mir, Moscow, 1982). 


and consequently that the coefficient of heat transfer is little 
affected by large increases of power input. 

Since most of the literature in this area is relatively old, 
practitioners apparently believe that what has been found out is 
adequate or is kept confidential. Table 17.14 has the recommended 
formulas. 


PACKED BED THERMAL CONDUCTIVITY 


The presence of particles makes the effective conductivity of a gas 
greater than the molecular conductivity by a factor of 10 or more. 
The nature of the solid has little effect at Reynolds numbers above 
100 or so; although the effect is noticeable at the lower values of 
Re, it has not been completely studied. Besides the Reynolds, 
Prandtl, and Peclet numbers, the effective diffusivity depends on the 
molecular conductivity, porosity, particle size, and flow conditions. 
Plots in terms of Re, Pr, and Pe (without showing actual data 
points) are made by Beek (1962, Fig. 3), but the simpler plots 
obtained by a number of investigators in terms of the Reynolds 
number alone appear on Figure 17.36(a). As Table 17.15 shows, 
most of the data were obtained with air whose Pr=0.72 and 
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Figure 17.27. Catalyst packed adiabatic reactor, showing application 
of ceramic balls of graduated sizes for support at the bottom and 
hold-down at the top (Rase, Chemical Reactor Design for Process 
Plants, Wiley, New York, 1977). 


К; = 0.026 kcal/(m)(hr)CC) at about 100°C. Accordingly, the data 
could be generalized to present the ratio of effective and molecular 
conductivities as 


К/К; = 38.5k,. (17.36) 


Equations of the highest and lowest lines on this figure then may be 
written 


К/К; = 8.08 + 0.1027Ве (Kwong and Smith), 
k,[k, = 13.85 + 0.0623Re (Quinton and Storrow). 


(17.37) 
(17.38) 


At higher temperatures, above 300°С or so, radiation must 
contribute to the effective conductivity, but there are so many other 
uncertainties that the radiation effect has not been studied at length. 


HEAT TRANSFER AT WALLS, TO PARTICLES, AND OVERALL 


The correlations cited in Tables 17.16 and 17.18 are of the Nusselt 
number in terms of the Reynolds and Prandtl numbers, or of the 
Reynolds alone. They are applicable only above specified Reynolds 
numbers, about 40 in most cases; clearly they do not predict 
correctly the coefficient of natural convection, at Re = 0. 

Wall coefficients are obtainable from particle-fluid data by a 
rule of Beek (1962), 


hy, =0.8h,. (17.39) 


This is how Eq. (8) of Table 17.18 is deduced; Eq. (9) represents 
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Figure 17.28. Reactors with moving beds of catalyst or solids for heat supply. (a) Pebble reactor for direct oxidation of 
atmospheric nitrogen; two units in parallel, one being heated with combustion gases and the other used as the reactor 
[Ermenc, Chem. Eng. Prog. 52, 149 (1956)]. (b) Pebble heater which has been used for making ethylene from heavier 
hydrocarbons (Batchelder and Ingols, U.S. Bureau of Mines Report Invest. No. 4781, 1951). (c) Moving bed catalytic 
cracker and regenerator; for 20,000 bpsd the reactor is 16 ft dia, catalyst circulation rate 2-7 1Һ6/1Ь oil, attrition rate of 
catalyst 0.1—0.5 Ib/ton circulated, pressure drop across air lift line is about 2 psi (L. Berg in Othmer (Ed.), Fluidization, 
Reinhold, New York, 1956). 
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Figure 17.29. Moving bed reactors for cracking and recovery of 
shale ой. (a) Kiviter retort, USSR 200—300 tons/day [J.W. Smith, in 
Meyers (Ed.), Handbook of Synfuels Technology, McGraw-Hill, 
New York, 1984]. (b) Paraho retort for shale oil recovery (Paraho 
Oil Shale Demonstration, Grand Junction, CO). 
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the same data but is simply a curve fit of Figure 17.36(c) at an 
average value Pr = 0.65. 

Data of heat transfer between particle and fluid usually are not 
measured directly because of the experimental difficulties, but are 
deduced from measurements of mass transfer coefficients assuming 
the Colburn analogy to apply, 


(Sherwood)(Schmidt)?? = (Nusselt)(Prandtl)/? 


— function of Reynolds. (17.40) 
Thus, in Figure 17.36(c), if the Nusselt number is replaced by the 
Sherwood and the Prandtl by the Schmidt, the relation will be 
equally valid for mass transfer. 

The ratio, L/D, of length to diameter of a packed tube or 
vessel has been found to affect the coefficient of heat transfer. This 
is a dispersion phenomenon in which the Peclet number, uL/D4:.,; 
is involved, where Daisp is the dispersion coefficient. Some 5000 data 
points were examined by Schliinder (1978) from this point of view; 
although the effect of L/D is quite pronounced, no clear pattern 
was deduced. Industrial reactors have L/D above 50 or so; Eqs. (6) 
and (7) of Table 17.18 are asymptotic values of the heat transfer 
coefficient for such situations. They are plotted in Figure 17.36(b). 

Most investigators have been content with correlations of the 
Nusselt with the Reynolds and Prandtl numbers, or with the 
Reynolds number alone. The range of numerical values of the 
Prandtl number of gases is small, and most of the investigations 
have been conducted with air whose Pr = 0.72 at 100°C. The effect 
of Pr is small on Figure 17.36(c), and is ignored on Figure 17.36(b) 
and in some of the equations of Tables 17.17 and 17.18. 

The equations of Table 17.18 are the ones recommended for 
coefficients of heat transfer between wall and fluid in packed 
vessels. 

For design of equipment like those of Figure 17.28, coefficients 
of heat transfer between particle and fluid should be known. Direct 
measurements with this objective have been made with metallic 
packings heated by electrical induction or current. Some 
correlations are given in Table 17.17. Glaser and Thodos [AIChE J. 
4, 63 (1958)] correlated such data with the equation 


100 < Re’ < 9200, 
(17.41) 


0.535 
(h,/ C, GY(C,u ky? = (Rey3- i6 


where 


Re’ = $ Va, G[u(1 — =), 
а, — surface of a single particle, 
$ — sphericity of the particle. 


The formulas of Table 17.18 also could be used by taking 
h, =1.25й„. In moving bed catalyst regenerators, heat fluxes of the 
order of 25,000 Btu/(hr)(cuft) have been estimated to occur 
between fluid and particle. Fluid and particle temperatures 
consequently differ very little. 


FLUIDIZED BEDS 


A distinctive feature of fluidized beds is a high rate of heat transfer 
between the fluid and immersed surfaces. Some numerical values 
are shown on Figure 17.37. For comparison, air in turbulent flow in 
pipelines has a coefficient of about 25 Btu/(hr)(sqft)(°F). (a) is of 
calculations from several correlations of data for the conditions 
identified in Table 17.19; (b) shows the effect of diameters of quartz 
particles; and (с) pertains to 0.38mm particles of several 
substances. 
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Figure 17.30. Kilns and hearth furnaces (Walas, 1959). (a) Temperature profiles in a rotary cement kiln. (b) Space velocities in rotary kilns. 
(c) Continuous lime kiln for production of approximately 55 1005/24 hr. (d) Stirred salt cake furnace operating at 1000°F, 11—18 ft dia, 
6—10 tons salt/24 hr. (e) Multiple-hearth reactor; one with 9 trays, 16 ft dia and 35 ft high roasts 1250 Ib/hr iron pyrite. (f) Siements-Martin 
furnace and heat regenerators; a hearth 13 ft wide and 40 ft long makes 10 tons/hr of steel with a residence time of 10 hr. 
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Reactor temperature, ^C 520 
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Catalyst circulation rate, kg/s 450 
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Regenerator gas velocity, m/s 0.64 ч 
Height of regenerator cyclones inlet above bed, m 10.3 
Regenerator temperature, ^C 670 
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Entrainment to regenerator cyclones (estimated), kg/s 260 
Catalyst losses in regenerator flue gas, g/s 15 
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Figure 17.31. Fluidized bed reactor processes for the conversion of petroleum fractions. (a) Exxon Model IV fluid 
catalytic cracking (FCC) unit sketch and operating parameters. (Hetsroni, Handbook of Multiphase Systems, 
McGraw-Hill, New York, 1982). (b) A modern FCC unit utilizing active zeolite catalysts; the reaction occurs 
primarily in the riser which can be as high as 45 m. (c) Fluidized bed hydroformer in which straight chain molecules 
are converted into branched ones in the presence of hydrogen at a pressure of 1500 atm. The process has been 
largely superseded by fixed bed units employing precious metal catalysts (Hetsroni, loc. cit.). (d) A fluidized bed 
coking process; units have been built with capacities of 400-12,000 tons/day. 


591 


592 CHEMICAL ВЕАСТОН5 





Regenerator 


Reactor 


Main 

air —— § 

inlet 

Stripper 
«ә Recycle 

Control gas 
air - 
inlet 


(c) 


Figure 17.31—(continued) 


Temperature in a fluidized bed is uniform unless particle 
circulation is impeded. Gas to particle heat flow is so rapid that it is 
a minor consideration. Heat transfer at points of contact of particles 
is negligible and radiative transfer also is small below 600°С. The 
mechanisms of heat transfer and thermal conductivity have been 
widely studied; the results and literature are reviewed, for example, 
by Zabrodsky (1966) and by Grace (1982, pp. 8.65-8.83). 

Heat transfer behavior is of importance at the walls of the 
vessel where it determines magnitudes of heat losses to the 
surroundings and at internal surfaces used for regulation of the 
operating temperature. The old correlations for heat transfer 
coefficients of Wender and Cooper (1958) (shown on Fig. 17.38) 
and those of Vreedenburg (1960) (shown in Table 17.17) still 
are regarded as perhaps the best. (See Table 17.20.) A fair 
amount of scatter of the data obtained by various investigators is 
evident in Figure 17.38. Vreedenburg utilized additional data in his 
correlating, and, consequently, his figures show even more scatter. 
On Figure 17.37(a) also there is much disagreement; but if lines 8 
and 9 by the same investigators and part of line 3 are ignored, the 
agreement becomes fair. 

Some opinion is that the correlations for vertical tubes should 
be taken as standard. Coefficients at the wall appear to be about 
10% less than at vertical tubes on the axis of the vessel and those 
for horizontal tubes perhaps 5-6% less (Korotjanskaja et al., 1984, 
р. 315). 

As appears on Figure 17.37, a peak rate of heat transfer is 
attained. It has been correlated by Zabrodsky et al. (1976) for 
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particles smaller than 1 mm by the equation 
hmaxds/kg 70.88A1?P, 100<Аг<1.4 x 10°, (17.42) 
Ar = вр, (р, — Pg)de/Uz- (17.43) 


17.8. CLASSES OF REACTION PROCESSES AND 
THEIR EQUIPMENT 


In this section, industrial reaction processes are classified primarily 
with respect to the kinds of phases participating, and instances are 
given of the kind of equipment that has been found suitable. As 
always, there is much variation in practice because of local or 
historical or personal circumstances which suggests that a certain 
latitude in new plant design is possible. 


HOMOGENEOUS GAS REACTIONS 


Ethylene is made by pyrolysis of hydrocarbon vapors in tubes of 
50-100 mm Ша and several hundred meters long with a reaction 
time of several seconds; heat is supplied by mixing with superheated 
steam and by direct contact of the tube with combustion gases. 

Reactors to make polyethylene аге 34-50 mm dia with 10-20 т 
long turns totalling 400-900 m in length. The tube is jacketed and 
heated or cooled at different positions with pressurized water. 

A flow reactor is used for the production of synthesis gas, 
CO + Н,, by direct oxidation of methane and other hydrocarbons in 
the presence of steam. Preheated streams are mixed and react in a 
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Figure 17.32. Other fluidized bed reaction systems. (a) Cracking of naphtha to ethylene with circulating hot sand at 720-850°С 
(Lurgi). (6) Circulating fluidized bed process for production of alumina by calcination (Lurgi). (c) Multibed reactor for calcination of 
limestone (Dorr-Oliver). (d) Synthesis of phthalic anhydride; cooling surface is in the bed (Badger-Sherwin-Williams). (e) Coal 
gasifier with two beds to counteract agglomeration, with spent char recirculating at 20—30 times the fresh feed rate (Westinghouse). (f) 
Ebbulating bed reactor of the H-Coal and H-Oil process for converting these materials at high temperature and pressure into gas and 
lighter oils (Meyer, Handbook of Synfuels Technology, McGraw-Hill, 1984). 
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Figure 17.32—(continued) 





(а) 


Figure 17.33. Heat transfer to stirred-tank reactors: (а) jacket; (b) 
internal coils; (c) internal tubes; (d) external heat exchanger; (e) 


external reflux condenser; (f) fired heater (Walas, 1959). 
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Figure 17.34. Temperature and conversion profiles in a water- 
cooled shell-and-tube phosgene reactor, 2-in. tubes loaded with 
carbon catalyst, equimolal CO and Cl,. 
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Figure 17.35. Temperature and conversion profiles of mild thermal 
cracking of a heavy ой in a tubular furnace with a back pressure of 
250 psig and at several heat fluxes [Btu/hr(saft)]. 


flow nozzle. Burning and quenching are performed in different 
zones of a ceramic-lined tower. 


HOMOGENEOUS LIQUID REACTIONS 


Almost innumerable instances of such reactions are practiced. 
Single-batch stirred tanks, CSTR batteries, and tubular flow 
reactors are all used. Many examples are given in Table 17.1. As 
already pointed out, the size of equipment for a given purpose 
depends on its type. А comparison has been made of the production 
of ethyl acetate from a mixture initially with 23% acid and 46% 
ethanol; these sizes were found for 35% conversion of the acid 
(Westerterp, 1984, pp. 41-58): 


V. / Vo 
Reactor Im? /(kg/day)] 
Betch (1/3 downtime) 1.04 
PFR 0.70 
CSTR 1.22 
3-stage CSTR 0.85 


Some of the homogeneous liquid systems of Table 17.1 are numbers 
2, 16, 22, 28, 42, 53, 54, and 96, some in batch, mostly continuous. 


LIQUID-LIQUID REACTIONS 


Such reactions can take place predominantly in either the 
continuous or disperse phase or in both phases or mainly at the 
interface. Mutual solubilities, distribution coefficients, and the 
amount of interfacial surface are factors that determine the overall 
rate of conversion. Stirred tanks with power inputs of 
5-10 HP/1000 gal or extraction-type equipment of various kinds are 
used to enhance mass transfer. Horizontal TFRs usually are 
impractical unless sufficiently stable emulsions can be formed, but 
mixing baffles at intervals are helpful if there are strong reasons for 
using such equipment. Multistage stirred chambers in a single shell 
are used for example in butene~isobutane alkylation with sulfuric 
acid catalyst. Other liquid—liquid processes listed in Table 17.1 are 
numbers 8, 27, 45, 78, and 90. 


GAS-LIQUID REACTIONS 


Intimate contacting between chemically reacting gas and liquid 
phases is achieved in a variety of equipment, some examples of 


which follow 


a. Tanks equipped with turbine agitators with or without internal 
gas recirculation. An example is air oxidation of cyclohexane to 
cyclohexanol and cyclohexanone. 

b. Bubble towers with parallel flow of the phases, gas dispersed, 

with or without trays or packing. In such equipment isobutene 

from a mixture of C, hydrocarbons forms tertiary butanol in 
contact with aqueous sulfuric acid. 

Countercurrent flow of the two phases in tray or packed towers, 

as in ordinary absorption processes. Absorption of nitrogen 

oxides in water to make nitric acid is a prime example. 

d. Tubular or multitubular reactors are usable when the volumetric 
rate of the gas is so much greater than that of the liquid that 
substantial mixing of phases exists. Adipic acid nitrile is made 
from gaseous ammonia and liquid adipic acid with a volumetric 
ratio of 1500; the residence time of the gas phase is about 1 sec, 
and that of the liquid 180-300 sec. 

e. Liquid ejector for entraining the gas. This is used to remove 
dilute acid or other impurities from waste air by scrubbing with 
aqueous solutions; the liquid is recirculated so that a gas/liquid 
volumetric ratio of 100-200 is maintained. 

f. Pumps of centrifugal or turbine types are effective mixing 
devices and can constitute a reactor when the needed residence 
time is short. Such a device is used, for instance, to make acetic 
anhydride from acetic acid and ketene [Spes, Chem. Ing. Tech. 
38, 963 (1966)]. 

g. Thin film reactors are desirable when the liquid viscosity is high, 
the reaction is highly exothermic and short reaction times are 
adequate. Such a process is the sulfonation of dodecylbenzene 
with dilute SO, [Ujhidy et al., Chem. Tech. 18, 625 (1966)]. 

h. Packed tower reactors in parallel flow are operated either 
top-to-bottom ог bottom-to-top. Distribution, holdup, and 
pressure drop behavior can be predicted from mass transfer 
correlations. Downflow towers have lower pressure drop, but 
upflow of liquid assures greater liquid holdup and longer contact 
time which often are advantages. 


с 


NONCATALYTIC REACTIONS WITH SOLIDS 


The chief examples are smelting for the recovery of metals from 
ores, cement manufacture, and lime burning. The converters, 
roasters, and kilns for these purposes are huge special devices, not 
usually adaptable to other chemical applications. Shale ой is 
recovered from crushed rock in a vertical kiln on a batch or 
continuous basis—moving bed in the latter case—sometimes in a 
hydrogen-rich atmosphere for simultaneous denitrification and 
desulfurization. The capacity of ore roasters is of the order of 
300—700 tons/(day)(m? of reactor volume). Rotary kilns for cement 
have capacities of 0.4-1.1tons/(day)(m?); for other purposes the 
range is 0.1-2. 


FLUIDIZED BEDS OF NONCATALYTIC SOLIDS 


Fluidized bed operations sometimes are alternates to those with 
fixed beds. Some of the successful processes are fluid bed com- 
bustion of coal, cracking of petroleum oils, ethylene production 
from gas oils in the presence of fluidized sand as a heat carrier, 
fluidized bed coking, water—gas production from coal (the original 
fluidized bed operation), recovery of shale oil from rock, reduction 
of iron ore with hydrogen at 30 atm pressure, lime burning, HCN 
from coke + ammonia + propane іп a fluidized electric furnace, and 
many others. Many of fhese processes have distinct equipment 
configurations and space velocities that cannot be generalized, 
except insofar as general relations apply to fluidized bed stability, 
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TABLE 17.10. Overall Heat Transfer Coefficients in Agitated Tanks 


[U Btu/(hr)(sqft)^F)] 
Fluid Inside Fluid In 
Jacket Vessel Wall Material Agitation U 
Steam water enameled cast iron 0—400 rpm 96-120 
Steam milk enameled С.І. none 200 
Steam milk enameled С.І. stirring 300 
Steam milk boiling enameled С.І. none 500 
Steam milk enameled С.І. 200 rpm 86 
Steam fruit slurry enameled С.І. none 33-90 
Steam fruit slurry enameled С.І. stirring 154 
Steam water С.І. and loose lead agitated 4-9 
lining 
Steam water С.І. and loose lead none 3 
lining 
Steam boiling SO, steel none 60 
Steam boiling water steel none 187 
Hot water warm water enameled С.І. none 70 
Cold water cold water enameled С.І. none 43 
Ice water cold water stoneware agitated 7 
ice water cold water stoneware none 5 
Brine, low nitration — 35-58 rpm 32-60 
velocity slurry 
Water sodium alcoholate "Frederking" agitated, 80 
solution (cast-incoil) baffled 
Steam evaporating copper — 381 
water 
Steam evaporating enamelware — 36.7 
water 
Steam water copper none 148 
Steam water copper simple 244 
stirring 
Steam boiling water copper none 250 
Steam paraffin wax copper none 27.4 
Steam paraffin wax cast iron scraper 107 
Water paraffin wax copper none 24.4 
Water paraffin wax cast iron scraper 72.3 
Steam solution cast iron double 175-210 
scrapers 
Steam slurry cast iron double 160-175 
scrapers 
Steam paste cast iron double 125-150 
scrapers 
Steam lumpy mass cast iron double 75-96 
scrapers 
Steam powder (5% cast iron double 41-51 
moisture) scrapers 





{LIGHTNIN Technology Seminar, Mixing Equipment Co., 1982). 


particle size distribution, heat transfer, multistaging, and possibly 
other factors. 


CIRCULATING GAS OR SOLIDS 


High temperatures are generated by direct or indirect contact with 
combustion gases. A circulating bed of granular solids heated in this 
way has been used for the fixation of nitrogen from air in the range 
of 2300°C. Pebble heaters originally were developed as pyrolysis 
reactors to make ethylene, but are no longer used for this purpose. 
Pebbles аге 5-10 mm Фа, temperatures of 1700°C are readily 
attained, heat fluxes are in the vicinity of 15,000 Btu/(hr)(°F)(cuft 
of pebbles) and contact times are fractions of a second. These 
characteristics should be borne in mind for new processes, although 
there are no current examples. Induction heating of fluidized 
particles has been used to transfer heat to a reacting fluid; in this 


process the solid remains in the reactor and need not circulate 
through a heating zone. 


FIXED BED SOLID CATALYSIS 


This kind of process is used when the catalyst maintains its activity 
sufficiently long, for several months or a year or two as in the cases 
of some catalytic reforming or ammonia synthesis processes. A few 
processes have operated on cycles of reaction and regeneration of 
less than an hour or a few hours. Cycle timers on automatic valves 
make such operations completely automatic. A minimum of three 
vessels usually is needed: One on-stream, one being regenerated, 
and the last being purged and prepared for the next cycle. 
Adsorption processes are conducted this way. The original Houdry 
cracking process employed 10 min on-stream. One catalytic reform- 
ing process employs seven or so reactors with one of them 


down every week. Regeneration usually is done in place, but 
eventually the catalyst must be removed and replaced. Platinum and 
other precious metals are recovered from the catalyst carriers in the 


factory. 


A granular catalyst sometimes serves simultaneously as tower 
packing for reaction and separation of the participants by 
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TABLE 17.11. Jacketed Vessels Overall Heat Transfer Coefficients 








Overall U* 

Jacket fluid Fluid in vessel ‘Wall material — Btu/(h-ft®-°F) J/(m':s-K) 
Steam Water Stainless steel 150-300 850-1700 
Steam Aqueous solution | Stainless steel 80-200 450-1140 
Steam Organics Stainless steel 50-150 285- 850 
Steam Light ой Stainless steel 60-160 340- 910 
Steam Heavy oil Stainless steel 10- 50 57- 985 
Вгіпе Water Stainless steel 40-180 230-1625 
Brine Aqueous solution Stainless steel 85-150 200- 850 
Brine Organics Stainless steel 30-120 170- 680 
Brine Light oil Stainless steel 35-130 200- 740 
Вгіпе Неауу ой Stainless steel 10- 30 57- 170 
Heat-transfer ой Water Stainless steel 50-200 285-1140 
Heat-transfer oil Aqueous solution Stainless steel 40-170 230- 965 
Heat-transfer oil Organics Stainless steel 30-120 170- 680 
Heat-transfer oil Light oil Stainless steel 35-130 200- 740 
Heat-transfer ой Heavy oil Stainless steel 10- 40 57- 230 
Steam Water Glass-lined CS 10-100 400- 570 
Steam Aqueous solution Glass-lined CS 50- 85 285- 480 
Steam Organics Glass-lined CS 30- 70 170- 400 
Steam Light oil Glass-lined CS 40- 75 230- 425 
Steam Heavy oil Glass-lined CS 10- 40 57- 230 
Brine Water Glass-lined CS 30- 80 170- 450 
Brine Aqueous solution | Glass-lined CS 25- 70 140- 400 
Brine Organics Glass-lined CS 20- 60 115- 340 
Brine Light oil Glass-lined CS 25- 65 140- 370 
Brine Heavy oil Glass-lined CS 10- 30 57- 170 
Heat-transfer oil Water Glass-lined CS 80- 80 170- 450 
Heat-transfer oil Aqueous solution Glass-lined CS 25- 70 140- 400 
Heat-transfer oil Organics Glass-lined CS 25- 65 140- 370 
Heat-transfer oil Light oil Glass-lined CS 20- 70 115- 400 
Heat-transfer oil Heavy oil Glass-lined CS 10- 35 57- 200 





* Values listed are for moderate nonproximity agitation. CS = carbon steel. 


(Perry's Chemical Engineers Handbook, McGraw-Hill, New York, 1984). 


distillation, particularly when the process is reversible and removal 
of the product is necessary for complete conversion to take place. 
This is the case of the reaction of methanol and isobutene to make 
methyl tertiary-butyl ether (MTBE) in the presence of granular acid 
ion exchange resin catalyst. MTBE is drawn off the bottom of the 
tower and excess methanol off the top. Such a process is applicable 


TABLE 17.12. Overall Heat Transfer Coefficients with immersed Coiis [U expressed іп Btu/(h - ft? - °F)] 


Туре of coil 


3% in. o.d. copper tubing attached | 2 


with bands at 24-in. spacing 3% 


ву, 


with bands at 24-in. spacing 34 


Panel coils 


6% 





Coil spacing, 
in.t 


12V, or greater 
¥, in. o.d. copper tubing attached | 2 


12%, or greater 







steam 





Water 
Water 





Fluid in coil 


5 to 50 Ib./sq. in. gage 





50 Ib./sq. in. gage steam 


50 1b./sq. in. gage steam 
































Temp. U with heat- 
Fluid in vessel range, ^F. | without cement | transfer cement 

Water under light agitation | 158-210 

158-210 50-53 

158-210 60-64 

158-210 1-5 69-72 
No. 6 fuel ой under light 158-258 1-5 20-30 

agitation 158-258 1-5 25-38 

158-240 1-5 30-40 

158-238 1-5 35-46 
Boiling water 212 29 48-54 
Water 158-212 8-30 19-48 
No. 6 fuel oil 228-278 6-15 24-56 
Water 130-150 7 15 
No. 6 fuel oil 130-150 














= лз =з. л. _—. 


"Data courtesy of Thermon Manufacturing Co. 
fExternal surface of tubing or side of panel coil facing tank. 
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TABLE 17.13. Summary of Heat-Transfer Coefficients on the Agitated Side 
————————————M—MMMM——M——À— € 


2Nm b € 
General Equation: RD (e ) (24) (£) (other terms) 
7 





А H А w. 
Approx. 
Transfer Reynolds Other 
Agitator Type Surface Number Range L а m b c Terms Additional Comments Ref. 


м 


Turbine 
6-blade, flat jacket 10-105 D 0.73 0.65 033 024 — Use for standard 125 





(baffled) configuration. See p. 357 
. for details 
coil 400-1.5 x 10$ 4, 0.7 067 037 See DV "(d4V-5 — See Note 2. Applies for 29 
Note (р/ Vp standard configuration 
1 with D,/D = 0.7 апа 
. 5/4. = 2-4; Z,/D = 0.15 
vertical 102-2 x 106 d, 009 0.65 0.33 04 Г,)933/ 2 N02 32 
baffle- (2) (2) 
Dey, 
type 
6-blade, jacket | 102-108 р 068 0.67 033 014 Revised. See Note 3 27,30 
retreating blade i 
(curved blade) 
no bafñes coil 103-106 4д 140 0.62 0.33 0.14 — Revised 27,30 
6-blade, 45° jacket 20-200 D 0.44“ 067 033 024 — Baffles have no effect in 33 
pitched Reynolds number range 
studied in 12-in diameter 
vessel 
3-blade jacket 2х 10*-2 x 10° D 037 0.67 033 0.14 - For glass-lined vessels 27 
retreating with finger-type Ба Ве 
Propeller jacket 2x 10° D 0.54 0.67 025 0.14 — Limited data, but a large 34 
5 ft diameter tank used, 
marine-type impeller used 
at 45% pitch and located at 
the midpoint of tank. No 
baffles used 
Paddle jacket 600-5 x 105 D 0112075 044 025 ШЕ ENS 26.35 
D, D, 
coit 3 x 102- d, 087 062 0.33 0.14 — 37 
2.6 х 105 
Anchor jacket 10-300 D 10 05 033 018 - 34,36 
300-40,000 р 0.36 067 033 0.18 — 34,36 
Notes. 


1. Ine = —0202 ши — 0.357, with u in cp. 

2. For unbaffled case with coils use 0.65 of h calculated for baffled case (29). 

3. With baffles and М». < 400 use value calculated. In fully developed turbulent region baffles increase calculated h by approximately 
37% (1) 

New nomenclature: d,, is outside tube diameter of coil, D, is coil diameter, ny, is number of vertical baffle-type coils, S, is coil spacing, 

wi is impeller blade width, and Z, is height of coil from tank bottom. 

* For impeller 43-in. from bottom, 0.535 for impeller 11-in from bottom 

* For steel impeller, 0.33 for glassed-steel impeller 


(Rase, 1977, Vol. 1). 


TABLE 17.14. Equations for Heat Transfer Coefficients inside 
Stirred Tanks? 


1. To jackets, with paddles, axial flow, and flat blade turbines" 97 


T 2 0.66 0.33 
hol(jacket) коз) (2) 





CN 


2. To helical coils?" 


D 2м 0.67 0.37 
holcoil) у= Р) (=£) 





k 
0.1 0.5 т 
{т (9 (E) 
Т) АТ/ ли, 
т-0.714/Һ921 u in cP 


3. To vertical tubes? 


D D?Np 0.65 Cou o3 
hg(tubes) z= 009( ең ) ( k ) 


GO" 





4. To plate coils" 


L ND2p\°8/ C, j 033 / ц V 050 
h il) == 0.1788 =P ) ( ) 
o(plate coil) k 0.1 ( ü ) ( k ue 





for Na, « 1.4 x 10? 
L ND?p 0.658 с и 0,33 u 0.50 
ho(plate сой) 0.0317 ( ) ( p ) ( ) 
i K u k ш 
for Nae > 4x 10? 








а Nomenclature: d =tube diameter, D = impeller diameter, Ё = plate 
coil height, № = impeller rotational speed, ль = number of baffles or 
of vertical tubes acting as baffles, T —tank diameter, 2 = liquid 
height. 
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Figure 17.36. Effective thermal conductivity and wall heat transfer 
coefficient of packed beds. Re’=d,G/u, d,=6V,/A,, == 
porosity. (a) Effective thermal conductivity in terms of ‘particle 
Reynolds number. Most of the investigations were with air of 
approx. А; = 0.026, so that in general А./к; = 38.5k, [Froment, 
Adv. Chem. Ser. 109, (1970)]. (b) Heat transfer coefficient at the 
wall. Recommendations for L/d, above 50 by Doraiswamy and 
Sharma are line H for cylinders, line J for spheres. (c) Correlation 
of Gnielinski (cited by Schlünder, 1978) of coefficient of heat 
transfer between particle and fluid. The wall coefficient may be 
taken as Й,, = 0.8h,. 
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TABLE 17.15. Data for the Effective Thermal Conductivity, K, (kcal/mh?C), and the Tube Wall Film 
Coefficient, h,, (kcal/m7h°C), in Packed Beds? 



























































Heating Particles 
Method of or 
h ` G : 
Authors Measurement Cooling of es Material Shape baee 
Bakhurov and Bores- | Radial temper- с Air | Glass, porce- | Spheres, rings,| 3-19 
kov (1947) ature and соп- lain, metals, | cylinders, 
centration pro- etc. granules 
files 
Brótz (1951) » H N,, CO, H, | Glass, catalyst | Spheres, 2-10 
granules 
Bunnell, Irvin, Olson, | Radial temper- с Air Alumina Cylinders 3 
and Smith (1949) ature profiles 
Campbell and Hunt- 35 H,C Air, Glass, Spheres, 5-25 
ington (1952) natural gas | alumina, cylinders 
(82% СН,) aluminum 
Coberly апа Marshall тА H Air Celite Cylinders 3-12 
(1981) 
Maeda (1952) y с Air Catalyst Cylinders 3-10 
Quinton and Storrow EN H Air Glass Spheres 4.4 
(1956) 
Aerov and Umnik Packed bed С Аі, Glass, cata- | Spheres, 0.4-10 || 
(1951b, c) heat exchanger. CO,, H, lyst, porce- tablets, 
Single radial lain, sand rings 
temperature 
Hougen and Piret Packed bed с Аш | Celite Spheres, 232 | 
(1951) heat exchanger cylinders 
Molino and Hougen H 
(1952) 
Kling (1938b) е H Air Steel, glass Spheres 3-4 
Verschoor and Schuit Уу H Air, Н, Lead, glass, | Spheres, 3-10 
(1950) etc. cylinders, 
granules 
Bernard and Wilhelm | Mass diffusion (Water) Glass, lead, Spheres, 1-8 
(1950) alumina, ete. | cylinders, 
| granules 

















when the reaction can be conducted satisfactorily at boiling 
temperatures; these can be adjusted by pressure. 


A variety of provisions for temperature control of fixed beds is 


described in Section 17.6 and following. 


a. 


Single beds are used when the thermal effects are small. 
Jacketed walls usually are inadequate for heat transfer to beds, 
but embedded heat transfer tubes sometimes are used. 


. Multitubular units with catalyst in tubes and heat transfer 


medium on the shell side are popular. A reactor for making 
phosgene from carbon monoxide and chloride has 2-in. dia tubes 


d. 


8ft long filled with activated carbon catalyst and cooling water 
on the shell side. 

Multibed units with built-in interstage heat transfer surface. 
Economical when the amount of surface is not large. In 
comparison with type (d), this design may have more difficult 
maintenance, less flexibility and higher cost because of the 
shortness of the tubes that may have to be used. The 
Sper-Rashka converter for SO, oxidation has three beds and 
three large internal exchangers in a single shell (Ullmann, 3rd 
ed., 1964, Vol. 15, p. 456). 

Multibed units with external heat exchangers. Several variations 
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TABLE 17.15—(continued) 

























































































E Formula Range of 
posi Тапы (Фр and D; іп m) or бше ДИА деше 
100 square : i} Np,’ = 2.4 to 6.3 а > 1000 
| kg/m?h 
| | 
| 100 0.2-0.4 Graphs in paper Gas velocity: | Special apparatus 
| 2500—7200 | at low velocities 
| m/h | 
| 50 0.05—0.2 | К D,G 30-100 | 
—^ = 5.0--0.061 ( z ) 
| ky n 
50-100 K е а ұт 20-500 
[—. = 10.04-0.267 ( \ ; №, = 2.07 ( ) 
ky ра, / ра, 
г 87 up to 1 Va, баз | 6 (kgjm?h): 
К,- 0.27--0.00146 ; hy = 8.51 @ о 
DG р 
25-190 0.1-0.4 | 5.5--0.05 (=£) 0-30 See also Hatta 
н and Maeda (1948 
K, _ | до (Peer 30-100 a, b, 1949), Maeda 
| dà | p (1950), and Maeda 
| т 6\98? 100-1000 | and Kawazoe 
0.209 (=) (1953) 
ГА 
4l | 0.15 2 D,G 30-1100 
K, = 0.36-- 0.00162 (=) ; hy = 0.04 G 500 —G — 17000 
65 0.3 K 4G 10-3500 | For rings see 
| —" = 10.540.076 Ур, (=) бй 4 
ky йа, раре 
| 0.75 
| МФ, L 0.155 Np? (5) 150-4000 
| Kg Hay 
35-95 | 0.16-0.32 Е 100-3000 The first paper 
K, Р Үг,6 үзі . Е gives а slightly 
x 1.23 ( A ) No correction for А„ different formula 
2 for eooling 
i 50 0.3 See graph in paper. No correction for hy 400—3500 
80-50 0.2-0.3 K K а \ 0.88 10-1000 No correction for 
r 7,0 .50 
Enge +0.10(a, Dj? (=) hy 
kg kg pa, 
1 
50 Graph in paper of Np,’ vs. Na," 5—2400 Diffusion of meth- 
ylene blue in 
water 








2 р = surface of а particle, a, = surface/volume in the bed. (Kjaer, Measurement and Calculation of Temperature and 
Conversion in Fixed-Bed Catalytic Converters, Haldor Topsoe, Copenhagen, 1958). 


of this design with steam generation or feed gas as means of 
cooling are used for the catalytic oxidation of SO. 

Multibed unit with interstage injection of temperature controlled 
process fluid or inert fluid for temperature control of the process. 
In the synthesis of cumene from propylene and benzene in the 


presence of supported phosphoric acid catalyst, interstage 


injection of cold process gas and water is used for temperature 


control and maintenance of catalyst activity (Figure 13.18(g)). 


Autothermal multitubular unit with heat interchange between 
feed on the shell side and reacting gas in the packed tubes and 
between feed and reacted gas in an external or built-in 


exchanger. Many complex variations of this design have been or 
are being used for ammonia synthesis. 

g. Multibed units in individual shells with interstage heat transfer. 
From three to seven stages are adopted by different processes for 
the catalytic reforming of naphthas to gasoline. 


FLUIDIZED BED CATALYSIS 


Such processes may be conducted to take advantage of the 
substantial degree of uniformity of temperature and composition 
and high rates of heat transfer to embedded surfaces. Orthophthalic 
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TABLE 17.16. Data for the Overall Heat Transfer Coefficient, и (kcal / m?h*C), іп Packed Beds 


















































Heating Particles 
Method of or 
Auth А с i 
шылы Measurement Cooling ss Material Shape neus 
Campbell and  Hunt-| Packed bed heat! Н, С Air, Glass, alumina,| Spheres, 5—25 
ington (1952) exchanger natural gas aluminum cylinders 
(82% CH,) 
Chu and Storrow (1952) 5 H Air Glass, steel, | Spheres 1-6 
lead, Socony- 
Vacuum cata- 
lyst beads 
Colburn (1931) 5 H Air Porcelain, Spheres, 5-25 
zinc, ete. granules 
Kling (1938b) 5 H Air Steel, glass Spheres 3-4 
Leva (1947) 55 Air, СО, Glass, clay, Spheres 3-13 
porcelain 
Leva and Grummer 5 Air Glass, clay, Spheres, 2-25 
(1948) metals, etc. cylinders, 
! granules, etc. 
Leva, Weintraub, ЗА C Air, CO, Glass, рогсе- | Spheres 8-13 
Grummer, and Clark Jain 
(1948) 
Leva (1950) ы н Air Glass, clay, Spheres, rings, 4-18 
porcelain, cylinders 
metal 
Maeda (1952) 5 с Air Catalyst Cylinders 3-10 
Maeda апа Kawazoe 35 с Air Granules, 3-25 
(1953) rings, saddles 
Verschoor and Schuit Ж н Air, Н, Lead, glass, | Spheres, 3-10 
(1950) etc. cylinders, 
granules 
Tasker (1946) Phthalic anhy- с Air Catalyst on | Granules 1.7-2.0 
dride synthesis quartz (?) | 
1 
| 























anhydride is made by oxidation of naphthalene in а fluidized bed of 
V20; deposited on silica gel with a size range of 0.1-0.3 mm with a 
contact time of 10-20 sec at 350-380°С. Heat of reaction is removed 
by generation of steam in embedded coils. No continuous regen- 
eration of catalyst is needed. Acrylonitrile and ethylene dichloride 
also are made under conditions without the need for catalyst re- 
generation. 

From the standpoint of daily capacity, the greatest application 


of fluidized bed catalysis is to the cracking of petroleum fractions 
into the gasoline range. In this process the catalyst deactivates 
in a few minutes, so that advantage is taken of the mobility of fluid- 
ized catalyst to transport it continuously between reaction and 
regeneration zones in order to maintain its activity; some catalyst 
also must be bled off continuously to maintain permanent poisons 
such as heavy metal deposits at an acceptable level. 

Several configurations of reactor and regenerator have been in 
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TABLE 17.16—(continued) 





1 








| Жы Ей Formula Range “ Ве ks 
mun. Tength (Dp and Dr in m) or other variable xpi 
оса атты" тет 
| 50—150 U 9\92 30-1000 U refers to tube 
| gg Te" e 00225 аг); (2) axis temperature 
p v 
FS | UD DACH / 1-5 ти | ра 
25 0.3-1.2 | -— = 0:134 (т: (5) (2) —— < 1600 
к, D, D, A в 
UD, D — 0.960 L — 1.82 D a n 
= is( Р ( (E 1600 < 
kg D, D, н 
| 1, 0.165 ре 
n = 0.55 | — —— < 3500 
р, и 





| 85—80 0.5-1.2 


ae 


D, 








50 0.3 Graph given in paper 


Range of G | Function f given 
(kg/m*h): in paper. Maxi- 
4500-45000 mum 0.045 for 


D 
22 = 0.15 
D, 





400—3500 





15-52 0.3—0.3 


ор, qe PDO 
—=0.813e D: (= 


21-52 0.3-0.9 и 





21-52 9.3—0.9 


50-3500 


100-4500 Correction factor 
used for metailic 
packings 


150-3000 





| 185-82 0.3-0.9 


500-12000 | Correlation valid 











UD, — 0.125 (2), ш for high values of 
kg в D, 
D, 
25-100 0.1-0.4 UD аз 2р / D, GV o9 100-600 
өзг Аі = 4.9е “1 (=) 
ky и 
52-154 See original paper 30-900 Formula, varies 
with shape of ma- 
terial 








— 0.51 0.69 
30-50 | 0.2-0.3 |UD: улаз E% 0,085 (22) (2) 40-4000 | K, 
k D, 


ro is thermal 

















9 4 Ы conductivity of 
рд /D.\-1/D.@ bed with stagnant 
saas (2) (BA (2) = 
| L) XD, и 
38 0.4-0.7 U-* = 0.00123 -+0.54 G03 Range of G U refers to tube 


(kg/m*h): axis temperature 
3000-12000 | and is corrected 
for radiation 








sambas resent SEES ETA TN A A ST EIEN TR AREAS? 


use, two of which are illustrated in Figures 17.31(a) and (b). Part 
(a) shows the original arrangement with separate vessels side by 
side for the two operations. The steam stripper is for removal of 
occluded oil from the catalyst before it is burned. In other designs 
the two vessels are in vertical line, often in a single shell with a 
partition. Part (b) is the most recent design of transfer line cracking 


which employs highly active zeolite catalysts that are effective at 
short contact times. The upper vessel is primarily a catalyst 
disengaging zone. A substantial gradient develops in the transfer 
line and results in an improvement in product distribution compared 
with that from mixed reactors such as part (a). 

Hundreds of fluidized bed crackers are in operation. The 
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TABLE 17.17. Heat Transfer Coefficient between Particle and Gas 











































































Heating Particles 
Method of 
Authors Measurement cooling of Gas Material Shape pori 
Furnas (19308, b, c, | Unsteady heat | Н, С | Air, flue gas | Iron ore, lime- 4-70 
1932) transfer Stone, coke, 
eto. 
Lóf and Hawley (1948) у с Air Granitic Granules 8-34 
gravel 
Saunders and Ford - с Air Steel, lead, Spheres 1.6-6.4 
{1940) giass 
Tsukhanova and Sha- 35 с Air Steel, cha- Spheres, 2-1 | 
patina (1943) motte, copper | cylinders, 
Chukhanov and Sha- granules 
patina (1946) 
Dayton et al. (1952) | Cyclic varia- Air Glass Spheres 8-6 
tions 
Glaser (1955) » Air Stoneware Raschig rings | 5-17 
Gamson, 'Thodos, and | Drying Air Porous celite | Spheres, 2-19 
Hougen (1943) cylinders 
Wilke end Hougea | + Ai (Peru ode [Суйе | $1 | 
(1945) 
Taecker and Hougen Е Air Porous clay- | Raschig rings, | 6-50 
(1949) қ kieselguhr Berl saddles 
Eichhorn and White | Dielectrical Air Plastic | Spheres 0.1-0.7 | 
(1952) heating 
Satterfield and Res- | Decomposition Vapors of Catalyst Spheres 5 
nick (1954) of H,0, Н,О and H40, 








vessels are large, as much as 10m or so in diameter and perhaps 
twice as high. Such high linear velocities of vapors are maintained 
that the entire catalyst content of the vessels circulates through the 
cyclone collectors in an hour or so. Electrical precipitators after the 
cyclone collectors have been found unnecessary. 

Two other fluidized bed petroleum reactors are illustrated as 


Figures 17.31(c) and (d) and several nonpetroleum applications in 
Figure 17.32. 


GAS-LIQUID REACTIONS WITH SOLID CATALYSTS 


The number of commercial processes of this type is substantial. A 
list of 74 is given by Shah (1979). A briefer list arranged according 
to the kind of reactor is in Table 17.21. Depending on the 























circumstances, however, it should be noted that some reactions are 
conducted industrially in more than one kind of reactor. 

Leading characteristics of five main kinds of reactors are 
described following. Stirred tanks, fixed beds, slurries, and 
three-phase fluidized beds are used. Catalyst particle sizes are a 
compromise between pressure drop, ease of separation from the 
fluids, and ease of fluidization. For particles above about 
0.04 mm dia, diffusion of liquid into the pores and, consequently, 
accessibility of the internal surface of the catalyst have a minor 
effect on the overall conversion rate, so that catalysts with small 
specific surfaces, of the order of 1 m?/g, are adequate with liquid 
systems. Except in trickle beds the gas phase is the discontinuous 
one. Except in some operations of bubble towers, the catalyst 
remains in the vessel, although minor amounts of catalyst entrain- 
ment may occur. 


17.8. CLASSES OF REACTION PROCESSES AND THEIR EQUIPMENT 


TABLE 17.17—(continued) 
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| e Formula Range of 
Р P / Remarks 
| nen Length (Dp in m) or other variable 
150-230 | 0.5-1 Range of @ | А given in paper. 
0.7 _ (kg/m?h): Corrections for 
h Ат ТҮЗ 101:682—3.56:° 2300-9200 | temperature and 
р voids not very ге- 
| liable 
р 
са. 300 | 09 п ау” 6: 
Square - „= 1.82 G 300-1600 
50-200 | 0.09-0.34 | Graphs in paper G: Correlated by Lóf 
p pap 
2670—5340 and Hawley 
| | (1948) аз: 
i G 
hy = 0.152 —- 
РЕ < | р 
0.01—0.25 ей Gas velocity: 
9.8: 
| Graphs and М» = 0.24 (7°) аа 
| ty ^ 
| | 
0.05 Graphs in paper 100-1000 
350 E un D, on 130-2000 |А varies from 
—2=A (== ) 0.590 to 0.713. See 
kg H | also Glaser (1938) 
| . h D,G im 350—4000 
in = —— Np = 1.064 (—— | 
E вс, и 
. h D,G\~°** 50-350 
Ín Мы = 1.96 ( 
_ вс, и 
| /- - 0.41 
G ы 
| Rings: jp = 1.148 (=£ p ) 100-20000 A 
| | и 
| | Ya G — 0.34 
| | Saddles: j, = 0.920 ( Р ) 10-3000 | 
: в | 
38 square Granng in paper 1-18 
(| 47-75 0.024 | D,@\~* 15-160 р 
Jn = 0.992 | ——- 
и 

















таалаа .... 


? ар = surface of a particle, a, = surface/volume in the bed. 


(Kjaer, Measurement and Calculation of Temperature and Conversion in Fixed-Bed Catalytic Converters, Haldor Topsoe, Copenhagen, 1958). 


1. Stirred tanks with suspended catalyst are used both in batch 
and continuously. Hydrogenation of fats or oils with Raney nickel 
or of caprolactam usually are in batch. Continuous processes 
include some hydrogenations of fats, some fermentation processes 
with cellular enzymes and air and the hydrogenation of nitrogen 
monoxide to hydroxylamine. The gas is distributed with spargers or 
introduced at the eye of a high-speed impeller in a draft tube. 
Internal recirculation of the gas also is practiced. The power input 
depends on the settling tendency of the particles and the required 
intimacy of gas-liquid mixing. It is greater than in the absence of 
solids; for example, the solid catalyzed hydrogenation of nitrogen 
monoxide employs a power input of about 10kW/m? (51HP/ 
1000 gal) compared with 5-10 HP/1000 gal for ordinary liquid-liquid 
mixing. 

2. In ebullated (liquid fluidized) beds the particles are much 
larger (0.2-1mm) than in gas fluidization (0-0.1 mm). Little 


expansion of the bed occurs beyond that at minimum fluidization, 
so that the bed density is essentially the same as that of the fixed 
bed. Because substantial internal circulation of the liquid is needed 
to maintain fluidization, the fluids throughout the reactor are 
substantially uniform. In the hydrodesulfurization and hydrocrack- 
ing of petroleum fractions and residua at 100atm and 400°C, a 
temperature variation of only 2°С or so obtains in the reactor. 

3. Slurry reactors (bubble towers) are fluidized with continuous 
flow of gas. The particles are smaller (less than 0.1 mm) than in the 
liquid fluidized systems (0.2-1 mm). In some operations the liquid 
and solid phases are stationary, but in others they circulate through 
the vessel. Such equipment has been used in Fischer-Tropsch plants 
and for hydrogenation of fatty esters to alcohols, furfural to furfuryl 
alcohol, and of glucose to sorbitol. Hydrogenation of benzene to 
cyclohexane is done at 50bar and 220-225С with Raney nickel 
of 0.01-0.1 mm dia. The relations between gas velocities, solids 
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TABLE 17.18. Formulas for the Heat Transfer Coefficient at the Walls of Packed Vessels? 


Name Geometry Formula 
1. Beek (1962) spheres Nu = 0.203 Re'? Pr”? + 0.220 Re^? Pr?^, Re «40 
2. Beek (1962) cylinders Nu = 2.58 Re'? Pr? + 0.094 Re^? Pr°4, Ве < 40 
3. Yagi-Wakao (Chem. Eng. spheres Ми = 0.186 Re? 
Eng. Sci. 5, 79, 1959) 
4. Hanratty (Chem. cylinders Ми = 0.95 Re? 
Eng. Sci. 3, 209, 1954) 
Б. Hawthorn (AIChE J Nu = 0.28 Re®77 pr®# 
14, 69 1968) 
6. Doraiswamy and spheres Ми = 0.17 Ве?7®, [/4>50, 20<Re<7600, 0.05<d,/d,<0.30 
Sharma (1984) 
7. Doraiswamy and cylinders Nu-0.16Re?9?, 1/4, >50, 20<Re<800, 0.03<4,/4. «0.2 
Sharma (1984) 
8. Gnielinski- Martin, Nu/(2.5-1.5¢) = 0.8[2 + F(Re/e) (Pr) 3] 


Schlünder (1978) 





0.0577(Re/c)?? Pr? 97 Тр 


5 0.664] E f +2.44(Pr23 —1)(Refey 52 


9. Gnielinski-Martin— Nu 2 
Schlünder (1978) In 55 тв: 9:750 0.1061 In{Re/e) + 0.0281 [In(Re/e)} 


2 Definitions: Nu=h,d,/k, Pr=(C,u/k) hy =wall coefficient, d, = particle diameter =6V,/Ap, k=fluid molecular 
conductivity, e = porosity, Re = d,G/u, G = superficial mass velocity per unit cross section. 
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Figure 17.37. Some measured and predicted values of heat transfer coefficients in fluidized beds. 1 Btu/hr(sqft)(°F) = 
4.88 kcal/(hr)(m?)(*C) = 5.678 W/(m7)(°C). (a) Comparison of correlations for heat transfer from silica sand with particle 
size 0.15 mm dia fluidized in air. Conditions are identified in Table 17.19 (Leva, 1959). (b) Wall heat transfer coefficients as 
function of the superficial fluid velocity, data of Varygin and Martyushin. Particle sizes in microns: (1) ferrosilicon, d — 82.5; 
(2) hematite, d = 173; (3) carborundum, d = 137; (4) quartz sand, d = 140; (5) quartz sand, d = 198; (6) quartz sand, 
d — 216; (7) quartz sand, d = 428; (8) quartz sand, d = 515; (9) quartz sand, d = 650; (10) quartz sand, d = 1110; (11) glass 
spheres, d = 1160. (Zabrodsky et al., 1976, Fig. 10.17). (c) Effect of air velocity and particle physical properties on heat 
transfer between a fluidized bed and a submerged coil. Mean particle diameter 0.38mm: (Т) BAV catalyst; (II) 
iron-chromium catalyst; (ПТ) silica gel; (IV) quartz; (V) marble (Zabrodsky et al., 1976, Fig. 10.20). 
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Figure 17.37—(continued) 


concentrations, bubbie sizes, and rates of heat transfer are 
extensively documented in the literature. 

4. In trickle bed reactors the gas and liquid both flow 
downward through a fixed bed of catalyst. The gas phase is 
continuous, and the liquid also is continuous as a film on the 
particles. Provided that the initial distribution is good, liquid dis- 
tribution remains substantially uniform at rates of 10-30 m?/ 





(c) 


m? hr superficially, but channelling and hot spots may develop at 
lower rates. Redistributors sometimes are used. The many 
correlations that һауе been developed for packed bed mass transfer 
are applicable to trickle bed operation. Commercial reactors are 
1-4m dia and 10-30 m long. Hydrocracking and hydrodesulfuriza- 
tion of petroleum and hydration of olefins are commonly practiced 
in trickle beds at superficial liquid velocities of 3-90 m/hr. 
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Figure 17.38. Heat transfer coefficient in fluidized beds [Wender and Cooper, АТСҺЕ 7. 4, 15 
(1958)}. (a) Heat transfer at immersed vertical tubes. All groups are dimensionless except 


k,/C,p,, which is sqft/hr. The constant С, is 
center of the vessel by Ср = 1 + 3.175(r/R) - 3 
Ly is bed depth, D; is vessel diameter. 


given in terms of the fractional distance from the 


.188(r/R)^. (b) Heat transfer at the wall of a vessel. 
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Figure 17.38—(continued) 
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TABLE 17.19. Experimental Investigations of Heat Transfer in Fluidized Beds? 





Absolute 


Voidage | density, 


range 


Dense 
phase 


38.8-75 











Refer- А 

eios Solids 

1 Sands, graphite, soft 
brick 

2 Iron powder, sands, 
glass beads catalyst 

8 Sand, aluminum, 
calcium carbonate 

4 Glass beads 

6 Sand, aluminum, 
graphite, copper 
catalyst 

9 Aerocat, coke, iron 

wder 

13 arborundum, iron 
oxide, coke, lead fly 
ash, alloy 

17 Glass beads 

26, 29| Sand, iron catalyst, 
silica ge 

30 Coal 

81 Glasa beads catalyst, 
coal 

36 Glass beads, шісго- 
spheres 

37 Glass beads 

38 Silicon carbide, 
А1:Оз, silica gel 

42 Glass beads 

43, 44 | Sand, iron ore 

50 Carborundum sand, 
aluminum powder, 








lead powder, glasa 
beads 


54-95 
Dilute 
phase 
Dense 
phase 
52-69 


Dense 
phase 


Dense 
phase 


35-75 


Dense 
phase 


41.7-86. 


Dense 


ТЬ per 
cu ft 


83-166 


119-434 
160-167 


24.6-27.2 


121-466 
37.5-694 


154 


138-153 
151-177 

70-243 
167-179 


165-330 
160-700 





Particle- 
size range, 


0.000363- 
0.000560 
0.000262- 

0. 00213 


0.00010- 
0.0011 


0.000129- 
0.00149 

























































Туре о! Vessel Height of Bed Flow 
apparatus diam. | ,beat | height, Fluids range, Ib/ 
operation ш. area, in. m (hr) (ва ft) 

Bteam-jacketed 1.5 14,5: Lee Air 150-1 , 200 
column 
Central electric 1.25 іп. 4 10 Air 1.85-605 
eat : 
уш electric 4.0 30 30 Air 96-035 
eat 
Electric heat 1.959 ү + d.i Air 95-3,780| 
from outside 
Central cooling 2.31 Immersed |......... Air 40—100 
cooling 
coil 
Wall steam 2.06 and |23and 2-13 | Air 50-300 
heating 8.07 26.5 . 
Wallwatercool-| 3.4 4 16 Air, CH4, СО)», 44-779 
ing town gas, Нз and 
№: mixtures 
Internal heating) 3.0 |................... Air, СОз, Freon-12, 
by electric wire He, Hz, Hs and М: 
mixtures 
Wall steam heat паа 25 and 26 | 12-25 | Air, СО» Не, М: |1.47-1,095 
4. 
Wall cooling 4.0 Е eins Air 50-1,100 
air 
Wall electric 4.0 3 sections, | 10-30 |Air 79—4,350 
heating 2, 5, an 
2 in. 
Small eleetrie  |.................... Approx | Не, air, СНь, argon | 10-150 
heater probe 18- 
Internal and ex- | 2.875 апа |..........|......... Air 2,700 
ternal heating 1.00 
Center wall 2.0 DE РЕ Air, He, CO: 6.4—200 
cooling 
Wall water cool- 4.73 7 sections, |13.2-24.6, Air 23.7-1,542 
ing each 5 in. 
Internal cooling 125 d noc Air 65-300 
Internal heating 2206 |ы лоя Air, СОз, H: 
by small eylin- 


drical element 


8 Another list of 29 sources is given ру Zabrodsky (1966). (Leva, 1959). 











Temp, 
°F 


23.5—65.0 
300-450 


87-145 


200-220 


Арргох 
10-30°С 


258—418 


120—414 


Арргох 
100-400 


TABLE 17.20. Heat Transfer Coefficients іп Fluidized Beds? 





1. At vertical tubes |Vreedenburg, Chem. Eng. Sci. 11, 274 (1960]]: 
[h(D — dy kya, / DYP ikal Cyt)? = C[u(D — daps ugl" 
Conditions: 


p, duíug < 2050, 
psulD — dug <2.4 х 10°, С= 2.7 x107", n=3.4 
pede ч, 10°, C-22, п=0.44 
[ACD — чак, (ЦО — а\С,и 1 = Clu(D – 41 9°а 8" 


Conditions: 


psu [не > 2550, 
о — 4)99°419<1070, С= 1.05 х 10-4, п=2.0 
u(D— а)8%5415:>1070, C=240, п-08 


For off-center locations, the factor C is multiplied by Cg which is 
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given in terms of the fractional distance from the center by 
Са = 1+ 3.175(r/R) - 3.188(r/ R}? 


2. At vertical tubes, see the correlation of Wender and Cooper on Figure 
17.17(a) 


3. At horizontal tubes (Vreedenburg, loc. cit; Andeen and Glicksman, 
ASME Paper 76-HT-67, 1976): 


(па, [k;k,/ Cu)? = 0.66[0,0и(1 — 2)/ugel?™, 
Psdsu fug < 2500 
(hd,/k,Y(,/ C,u,)9? = 900(1 — аии, d3p,g)9 995, 
PsdsU [из > 2550 


4. At vessel walls, see Figure 17.17(b) for the correlation of Wender and 
Cooper. 





? Notation: Subscript s for solid, subscript g for gas, d, — tube diameter, D = vessel diameter, g = acceleration of gravity. 


5. Upflow fixed beds. The liquid phase is continuous and the 
gas phase dispersed. This mode of operation has the advantages of 
better mixing, higher rates of mass and heat transfer, better 
distribution of liquid flow across the cross section, and better 
scouring of deactivating deposits from the surface of the catalyst. 
The disadvantages relative to trickle beds are higher pressure drop, 


the possibility of occurrence of flooding, and the need for 
mechanical restraint to prevent fluidization and entrainment of the 
catalyst. The most prominent example of upflow operation is the 
SYNTHOIL coal liquefaction process, but this mode of operation is 
competitive in other cases with the trickle bed, depending on the 
balance of advantages and disadvantages in particular situations. 


TABLE 17.21. Examples of Industrial Gas—Liquid—Solid Reaction Processes 





A. Fixed-bed reactors 
1. Trickle beds (downfiow) 
a. Catalytic hydrodesulfurization, hydrocracking and hydrogenation 
b. Butynediol from acetylene and aqueous formaldehyde 
с. Sorbitol from glycerol 
d. Oxidation of SO; in the presence of activated carbon 
e. Hydrogenation of aniline to cyclohexylaniline 
2. Upflow (bubble) reactors 
a. Coal liquefaction by SYNTHOIL process 
b. Fischer-Tropsch process 
c. Selective hydrogenation of phenylacetylene and styrene 


B. Suspended solid reactors 
1. Stirred tanks 
a. Catalytic hydrogenation of fats and oils 
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PROCESS VESSELS 


essels in chemical processing service are of two 

kinds: those substantially without internals and 

those with internals. The main functions of the first 

kinds, called drums or tanks, are intermediate 
storage or surge of a process stream for a limited or extended 
period or to provide a phase separation by settling. Their sizes 
may be established by definite process calculations or by 
general rules based on experience. The second category 
comprises the shells of equipment such as heat exchangers, 
reactors, mixers, fractionators, and other equipment whose 
housing can be designed and constructed largely 
independently of whatever internals are necessary. Their 
major dimensions are established by process requirements 
described in other chapters, but considerations of adequate 
strength of vessels at operating pressures and temperatures 
will be treated in this chapter. 

The distinction between drums and tanks is that of size 
and is nct sharp. Usually they are cylindrical vessels with flat 
or curved ends, depending on the pressure, and either 
horizontal or vertical. іп a continuous plant, drums have a 
holdup of a few minutes. They are located between major 
equipmenr or supply feed or accumulate product. Surge 
drums between equipment provide a measure of stability in 
that fluctuations are not transmitted freely along a chain, 
including those fluctuations that are characteristic of control 
instruments of normal sensitivity. For example, reflux drums 
provide surge between a condenser and its tower and 
downstream equipment; a drum ahead of a compressor will 
ensure freedom from liquid entrainment and one ahead of a 
fired heater wiil protect the tubes from running dry; a drum 
following a reciprocating compressor will smooth out 
pressure surges, etc. Tanks are larger vessels, of several 
hours holdup usually. For instance, the feed tank to a batch 
distillation may hold a day's supply, and rundown tanks 
between equipment may provide several hours holdup as 
protection of the main storage frorn possible off-specification 
product and opportunity for local repair and servicing without 
disrupting the entire process. 

Storage tanks are regarded as outside the process 
battery limits, on tank farms. Their sizes are measured in units 
of the capacities of connecting transportation equipment: 
34,500 gal tank cars, 8000 gal tank trucks, etc., usually at least 
1.5 times these sizes. Time variations in the supply of raw 
materials and the demand for the products influence the sizes 
and numbers of storage tanks. 

Liquid storage tanks are provided with a certain amount 
of vapor space or freeboard, commonly 15% below 500 gal 
and 1096 above 500 gal. Common erection practices for liquid 
storage tanks are: 


18.1. DRUMS 


Liquid drums usually are placed horizontal and gas-liquid 
separators vertical, although reflux drums with gas as an overhead 
product commonly are horizontal. The length to diameter ratio is in 
the range 2.5-5.0, the smaller diameters at higher pressures and for 
liquid—liquid settling. A rough dependence on pressure is 
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a. For less than 1000 gal, use vertical tanks mounted on legs. 

b. Between 1000 and 10,000 gal, use horizontal tanks 
mounted on concrete foundation. 

c. Beyond 10,000 gal, use vertical tanks mounted on 
concrete foundations. 


Liquids with high vapor pressures, liquefied gases, and 
gases at high pressure are stored in elongated horizontal 
vessels, less often in spherical ones. Gases are stored at 
substantially atmospheric pressure in gas holders with 
floating roofs that are sealed with liquid in a double wall. 
Liquefied gases are maintained at subatmospheric 
temperatures with external refrigeration or autorefrigeration 
whereby evolved vapors are compressed, condensed, cooled, 
and returned to storage. 

Liquids stored at near atmospheric pressure are subject 
to breathing losses: As the tank cools during the night air is 
drawn in, then vaporization occurs to saturation, and the vapor 
mixture is expelled as the tank warms up during the day. 
Volatile liquids such as gasoline consequently suffer a 
material loss and also a change in composition because of the 
selective loss of lighter constituents. 

In order to minimize such effects, several provisions are 
made, for example: 


1. A floating roof is a pad which floats on the surface of the 
stored liquid with a diameter of about a foot less than 
that of the tank. The annular space between the float and 
the shell may be sealed by one of several available 
methods. 

2. An expansion roof allows thermal expansion of the vapor 
space. It rides with the changing vapor and is sealed with 
liquid in a double wall. 

8. A bag of vapor resistant fabric is allowed to expand into a 
housing of much smaller diameter than that of the 
storage tank. This is a lower cost construction than either 
of the other two. 


Weather resistant solids such as coal or sulfur or ores 
are stored in uncovered piles from which they are retrieved 
with power shovels and conveyors. Other solids are stored 
in silos. For short-tíme storage for process use, solids are 
stored in bins that are usually of rectangular cross section 
with cone bottoms and hooked up to process with 
conveyors. All aspects of the design of such equipment are 
covered in books by Reisner and Rothe (1971) and Stepanoff 
(1969). 


P (psig) 0-250 251-500 501+ 
L/D 3 4 5 


The volume of a drum is related to the flow rate through it, but it 
depends also on the kinds of controls and on how harmful would 
be the consequences of downstream equipment running dry. Con- 
ventionally, the volume often is expressed in terms of the 
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number of minutes of flow оп а half-full basis. For many services, 
5-10 min half-full is adequate but two notable exceptions are: 


1. Fired heater feed surge drum for which the size is 10—30 min 
half-full. 

2. Compressor feed liquid knockout drum which is made large 
enough to hold 10-20 min of liquid flow, with a minimum volume 
of 10 min worth of gas flow rate. 


Other major services require more detailed consideration, as 
follows. 


18.2. FRACTIONATOR REFLUX DRUMS 


Commonly their orientation is horizontal. When a small amount of 
a second liquid phase (for example, water in an immiscible organic) 
is present, it is collected in and drawn off a pot at the bottom of the 
drum. The diameter of the pot is sized on a linear velocity of 
0.5 ft/sec, is a minimum of 16in dia in drums of 4-8 ftdia, and 
24 in. in larger sizes. The minimum vapor space above the high level 
is 20% of the drum diameter or 10 in (Sigales, 1975). 

A method of sizing reflux drums proposed by Watkins (1967) is 
based on several factors itemized in Table 18.1. A factor F, is 
applied to the net overhead product going downstream, then 
instrument factors F, and labor factors Е, which are added together 
and applied to the weighted overhead stream, and finally a factor F, 
is applied, which depends on the kind and location of level 
indicators. When L is the reflux flow rate and D the overhead net 
product rate, both in gpm, the volume of the drum (gal) is given by 


У, =2Е(Е + Е). + ЕР) gal, full. (18.1) 


For example, with L=400gpm and D=200gpm, at average 
conditions А = 1, Е =1.5, В =3, Е, = 1.5, and 


V, = 2(1.5)(1 + 1.5) (400 + 3(200)) = 7500 gal, full 


TABLE 18.1 Factors for Sizing Reflux Accumulators 
а. Factors А and Б, on the Reflux Flow Rate 


Instrument Factor F, Labor Factor Б, 





Operation w/ Alarm w/o Alarm 
FRC 1 1 1 1.5 2 
LRC 1 13 1 1.5 2 
ТАС 13 2 1 1.5 2 


b. Factor Е, on the Net Overhead Product Flow to External 
Equipment 


Operating Characteristics қ 
Under good control 2.0 
Under fair control 3.0 
Under poor control 4.0 
Feed to or from storage 1.25 


c. Factor F, for Level Control 


F 
Board-mounted level recorder 1.0 
Level indicator on board 1.5 
Gage glass at equipment only 2.0 


(Watkins, 1967). 


Good Fair Poor 


ог, 6.25 min half-full. With the best of everything, A = 0.5, Е = 1, 
Е=2, Еті, and 


Vz = 2(0.5 + 1)(400 + 2(200)) = 2400 gal, full 


or 2.0 min half-full. The sizes figured this way are overruled when 
the destination of the net product is to a fired heater or a 
compressor; then the numbers cited in Section 18.1 are applicable. 
Although this method seems to take in a number of pertinent 
factors, it is not rigorous and may not dissuade some practitioners 
from continuing to size these drums on the basis of 5 min half-full. 


18.3. LIOUID-LIQUID SEPARATORS 


Vessels for the separation of two immiscible liquids usually are 
made horizontal and operate full, although some low rate 
operations are handled conveniently in vertical vessels with an 
overflow weir for the lighter phase. The latter mode also is used for 
particularly large flows at near atmospheric pressures, as in the 
mixer-settler equipment of Figure 3.19. With the usual L/D ratio 
of three or more, the travel distance of droplets to the separated 
phase is appreciably shorter in horizontal vessels. 

Since the rise or fall of liquid droplets is interfered with by 
lateral flow of the liquid, the diameter of the drum should be made 
large enough to minimize this adverse effect. A rule based on the 
Reynolds number of the phase through which the movement of the 
liquid drops occurs is proposed by Hooper and Jacobs (1979). The 
Reynolds number is D,up/p, where D, is the hydraulic diameter 
and и is the linear velocity of the continuous phase. Тһе rules are: 


Na. Effect 
Less than 5000 little problem 
5009—20,000 some hindrance 


20,000-50,000 
Above 50,000 


major problem may exist 
expect poor separation 


The jet effect of an inlet nozzle also may interfere with the 
phase separation. Ideally the liquid should be introduced uniformly 
over the cross section, but a baffle at the inlet nozzle may reduce 
such a disturbance adequately. More elaborate feed diffusers 
sometimes may be worthwhile. Figure 18.1 shows a perforated 
baffe. 

Fall or rise of droplets of one liquid in another is represented 
closely by Stokes law, 


и = 8002 – рз) 18и. (18.2) 
Іп common units, 
и = 9.97(10%(р, — p,)d?/u, ft/min, (18.3) 


where the p; are specific gravities, d is the droplet diameter (ft), and 
и іѕ the viscosity of the continuous phase (cP). 

The key property is the droplet diameter, of which many 
studies have been made under a variety of conditions. In agitated 
vessels, experience shows that the minimum droplet diameters are 
in the range of 500-5000 um. In turbulent pipeline flow, Middleman 
(1974) found that very few droplets were smaller than 500 um. 
Accordingly, for separator design a conservative value is 150 um, 
which also has been taken as a standard in the API Manual on 
Disposal of Refinery Wastes (1969). With this diameter, 
ft/min. 


и = 2.415(р, – р1У/ш, (18.4) 


Which phase is the dispersed one can be identified with the 


Vapor outlet 


pipe 





phase 
(a) 
From Compressor 
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79 


=) 


Preferred Detail! 
Weided ci! Around 


Path between Inlet and Outlet 
Shouid be as Long as Possible 


Welded Top 
and Bottom 
Preferred 
ж- 
(b) 


Figure 18.1. Drums for distillation tower reflux and for 
reciprocating compressor surge. (а) А reflux drum with a pot for 
accumulation and removal of a heavy phase. The main liquid is 
removed on level control through a vortex breaker. When the pot is 
large enough, it can accommodate an interface control for 
automatic drainage; otherwise the drain valve is hand set and 
monitored by an operator. (b) Arrangement of a surge drum for 
eliminating the high frequency response of а reciprocating 
compressor. Details are given by Ludwig (Applied Process Design 
for Chemical and Petrochemical Plants, Gulf, Houston, 1983, 
Vol. 3). 


factor 


-Qı (Biss 


Он “Они. 


with the statements of this table (Selker and Schleicher, 1965): 


ф (18.5) 


ар Result 
«0.3 light phase always dispersed 
0.3-0.5 light phase probably dispersed 
0.5-2.0 phase inversion probable, design for worst case 
2.0-3.3 heavy phase probably dispersed 
23.3 heavy phase always dispersed 


These relations are utilized in Example 18.1 and the resulting 
design is represented on Figure 18.2. 


COALESCENCE 


The rate of separation of liquid phases can be enhanced by 
shortening the path through which the droplets need rise or fall or 
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by increasing their diameters. Both effects are achieved by forcing 
the flow between parallel flat or crimped plates or through tower 
packing or through a mass of packed fibers. The materials should be 
wetted by the disperse phase and preferably rough. Fine droplets 
will impinge on the surfaces and will grow by accretion of other 
droplets. The separator in such cases will consist of a coalescing 
section and an open section where the now enlarged droplets can 
separate freely. Figure 18.3 is of a separator equipped with a 
coalescer that is especially suited to the removal of relatively small 
quantities of dispersed liquid. Cartridge-type coalescers are 
described by Redmon (1963). Packed separators have been studied 
by Davies, Jeffrys, and Azfal (1972) and the subject is reviewed by 
Laddha and Degaleesan (1983). Coalescence also can be induced 
electrically, a process that is used widely for the precipitation of 
brine from crude oils. Proprietary equipment is available for this 
purpose. The subject is discussed by Waterman (1965) and in detail 
by Fronczak (1983). 


OTHER METHODS 


Very fine dispersions can be separated effectively with disk-type 
centrifuges. Commercial units have capacities of 5-500 gpm and аге 
capable of removing water from hydrocarbons down to the ppm 
range. A mild centrifugal action is achieved in hydrocyclones. They 
have been studied for liquid-liquid separation by Sheng, Welker, 
and Sliepcevich (1974), but their effectiveness was found only 
modest. The use of hydrocyclones primarily for the recovery of 
solid particles from liquids is described in the book of Bradley 
(1965). A symposium on coalescence has papers by Belk (1965), 
Jordan (1965), Landis (1965), and Waterman (1965). 


18.4. GAS-LIQUID SEPARATORS 


Droplets of liquid are removed from a gas phase by three chief 
methods: 


1. Settling out under the influence of gravity. 

2. Settling out under centrifugal action. 

3. Impingement and coalescence on solid surfaces followed by 
settling. 


Available methods for the design of liquid separators are arbitrary 
in some respects but can be made safe economically. Figure 18.4 
illustrates some of these methods. 


DROPLET SIZES 


The period of time needed for settling out depends on the size 
distribution of droplets and the required completeness of removal. 
Under most conditions the droplet diameter is an elusive quantity. 
A few observations are mentioned by York (1983). Garner et al. 
(1954) found 95% of evaporator entrainment to be smaller than 
18-25 um. From spray nozzles the droplets аге 90 wt % greater 
than 20 ит. Spray disks made droplet diameters in the range 
100-1000 ит. Sprays resulting from splashing and pickup by vapors 
off condensed liquid films are as large as 5000 um. Some mists аге 
very fine, however; those in sulfuric acid plants are mostly less than 
10 ит, and in some equipment 50 wt % are less than 1 um (Duros 
and Kennedy, 1978). On the whole, sprays in process equipment 
usually are greater than 20 um, mostly greater than 10 um. 

The amount of entrainment has been studied mostly in 
distillation equipment. Figure 18.5 summarizes some of these data, 
and they are applied in Example 18.2. Equation 18.11 incorporates 
entrainment data indirectly. 

А common belief is that 95% of entrainment can be removed 
in economically sized gravity separators, in excess of 99% with wire 
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EXAMPLE 18.1 

Separation of Oil and Water 
Find the dimensions of a drum for the separation of oil and water at 
these conditions: 


Oil at 180 cfh, sp gr — 0.90, viscosity — 10 cP. 
water at 640 сї, sp gr = 1.00, viscosity = 0.7 cP. 


Take a droplet size to be 150 шп (0.0005 ft) and that the holdup in 
the tank is in the same proportions as in the feed. The geometry of 
the cross section: 


>| — 0.7286 D—}-« 





180% 
1204 
7.0 = 2.192 rad, 


А === р? = Р; в (9 — sin 0), 
А, = 0.7805 В D? = 0.6130D?, 

L = D sin(0/2) = 0.8894, 

S,=D (s = 5) = 2.0456D. 


Hydraulic diameter of heavy liquid 


4A5 4(0.6130)D 
L+S, 0.8894 + 2.0456 





р, = = 0.8354. 


The dispersion discriminant is 


0.3 0.3 
"M Qr ( PL и) _ 180 (2202) Sere 
Он Рн, 6401 10 





« 0.30. 


mesh pads and other solid surfaces on which impingement and 
coalescence are forced, and approaching 10096 in scrubbers and 
high speed centrifuges. 


RATE OF SETTLING 


The terminal or maximum settling velocity of a small droplet or 
particle in a gas is governed by one of Newton's equations. 


-)У.Ә(р/р,- 1). 


In laminar flow the friction factor becomes a simple function of the 
Reynolds number, 


(18.6) 


f = 18/(Dup,/ p,). (18.7) 


Therefore, oil is the dispersed phase: 


(62.4)640 (0.8354) 








Nee = Рьир _ D,p 0 














u и 110? 42(10.7)x D 
_ 25,076 
= 
Velocity of rise: 
ш- 2.492(1.00 — 0.90) _ 0.356 ft/min. 
0.7 
Time of rise: 
0.7286D . 
770356 ^ 2.0466D min. 
Forward velocity: 
Qu 60.17.40 
ин — А, = 600.613002) = p? min. 
Flow distance: 
17.404 35.60 
1, = tuy = 2.0466D (1740 2 De) ee 


The tangent to tangent length of the drum will be approximately 
24 іп. greater than L, to accommodate inlet and outlet nozzles and 
baffles. 

The Reynolds number identifies the quality of the separation, 
Ng. < 5000 being good. 

Some trials are 


D (ft) №. t ин L; (ft) 
5 5015 10.23 0.696 7.12 
3.5 7165 7.16 1.420 10.17 
3 8358 6.14 1.933 11.87 


A vessel 5x9ft would give excellent separation; 3 x 14ft 
might be acceptable. A sketch of the proposed drum is in Figure 
18.1. 


When this substitution is made, the falling velocity becomes 


и= 8-(р m p,)D^/18p, (18.27) 
which is Stokes’ equation. In view of the uncertainties with which 
droplet sizes are known in practical situations, Stokes equation 
usually is regarded as sufficiently descriptive of settling behavior. 
For example, it predicts that 100 um droplets of water fall at the 
rate of 1.0 ft/sec in atmospheric air. 

Another approximation of Newton's equation is written 


= KVplp, — 1, 


where the coefficient K depends on the system. For the 100 um 
droplets of water in air just cited, the coefficient becomes 


(18.8) 


Valves to find and droin rag 


2" feed nozzle 2" oil out 





| | | 
4" tee A 


М2" holes |" gap 








оп H/2" Д 
с | 
i" holes 
ta on -/2" A 
X 
С 
Section А-А Diffuser detoil Section C-C Section B-B 


Figure 18.2. A design of an oil-water separator for the conditions of 
Example 18.1, showing particularly the diffuser at the inlet nozzle 
and baffles at the outlets. (Hooper and Jacobs, 1979). 
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Figure 18.3. Drums with coalescers for assisting іп the separation of 
small amounts of entrained liquid. (a) A liquid-liquid separating 
drum equipped with a coalescer for the removal of small amounts of 
dispersed phase. In water-hydrocarbon systems, the pot may be 
designed for 0.5 ft/sec (Facet Enterprises, Industrial Division). (b) 
An oil-water separator with corrugated plate coalescers (General 
Electric Co.). 
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К = 0.035, and for other sizes it varies as the square of the 
diameter. 


EMPTY DRUMS 


The cross section of a vertical settling drum is found from the vapor 
rate and the allowable linear velocity with the equation 


и = 0.14Ур/р„— 1, ft/sec, 


іп which the coefficient of Eq. (18.8) has been evaluated for 
200 um. The vertical dimension is more arbitrarily established. The 
liquid holdup is determined as in Section 18.2 and Table 18.1. For 
the vapor space, Watkins (1967) proposes the rules illustrated in 
Figure 18.6. When the calculated length to diameter ratio comes out 
less than 3, the length is increased arbitrarily to make the ratio 3; 
when the ratio comes out more than 5, a horizontal drum is 
preferably employed. Rules for horizontal drums also are shown on 
Figure 18.6. The vapor space is made a minimum of 20% of the 
drum volume which corresponds to a minimum height of the vapor 
space of 25% of the diameter, but with the further restriction that 
this never is made less than 12 in. When a relatively large amount of 
liquid must be held up in the drum, it may be advisable to increase 
the fraction of the cross section open to the vapor. 

The diameter again is figured from the volumetric rate of the 
vapor and the linear velocity from Eq. (18.9). Since the upward 
drag of the vapor is largely absent in a horizontal drum, however, 
the coefficient K often is raised by a factor of 1.25. Example 18.3 
deals with the design of both kinds of drums. 


(18.9) 


WIRE MESH PAD DEENTRAINERS 


Pads of fine wire mesh induce coalescence of impinging droplets 
into larger ones, which then separate freely from the gas phase. 
Tower packings function similarly but are less effective and more 
difficult to install. The pads are made of metal wires or plastic 
strands or fiber glass. These data apply to stainless steel con- 
struction: 


K 
Efficiency Efficiency 
Type (96) Ibs/cuft sqft/cuft Pressure Vacuum 
Low 99.0 5-7 65 0.40 
Standard 99.5 9 85 0.35 
High 99.9 12 115 озь{ 90-027 
Very high 99.9 13-14 120 0.25 


A pad thickness of 4in. is minimum, біп. is popular, and up to 
12in. may be required for fine mists. 

The values of K in the preceding table are with a standard 
disengaging height of 10 in. The effect of other heights Л is given by 
the equation 

К-0.021--0.03250, 3=h=12, (18.10) 
with a maximum value of 0.40. This relation is for standard 
efficiency pads. Lower values can be expected in aqueous systems 
where the surface tension has been reduced by surfactants. 

When the pad is installed in a vertical or inclined position, the 
values of K should be taken 2/3 of the horizontal ones. 

At high liquid rates droplets tend to be reentrained and the pad 
may become flooded. Some data obtained by Poppele (1958) are 
cited by York (1983, p. 194). A graphical correlation credited to the 
Fluor Co. is represented by Branan (1983, p. 67) by the equation 


K = -0.0073 + = 0.263 0.04 € x € 6.0, (18.11) 
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Figure 18.4. Typical installations of mesh pads in equipment (Metal Textile Corp, Bulletin 


МЕ-7; from Ludwig, 1977, Vol. 1, р. 159). 


where x is a function of the weight flow rates and densities of the 
phases 

x=(W,/W,)Vevy/pz . (18.12) 

Good performance can be expected at velocities of 30-100% of 
those calculated with the given Ks. Flooding velocities are at 
120-140% of the design rates. At low velocities the droplets drift 
through the mesh without coalescing. A popular design velocity is 
about 7546 of the allowable. Some actual data of the harmful effect 
of low velocities were obtained by Carpenter and Othmer (1955); 
they found, for example, that 99% of 6 um droplets were removed 
at 6.8 ft/sec, but 99% of 8 um at the lower velocity of 3.5 ft/sec. 

Pressure drop in pads usually is small and negligible except at 
flooding; the topic is discussed by York (1983). 

In existing drums or when the drum size is determined 
primarily by the required amount of liquid holdup, the pad 
dimensions must conform to the superficial velocities given by the 
design equation. This may necessitate making the pad smaller than 
the available cross section of the drum. Figure 18.7 shows typical 
installations. On the other hand, when the pad size is calculated to 
be greater than tbe available cross section and there develops a 
possibility of reentrainment of large droplets from the exit surface 
of the pad, a downstream settling drum or a high space above the 
mesh can be provided. 

Good design practice is а disengaging space of 6-18 ш., the 
more the better, ahead of the pad and 12 in. above the pad. Other 
details are shown on Figure 18.8. A design is provided in Example 
18.4. 


18.5. CYCLONE SEPARATORS 


In addition to those already discussed, a variety of proprietary and 
home-made devices can remove entrainment more or less 
effectively. Some of them are represented on Figure 18.8. 


a. A simple change of direction and impingement on the walls of 
the drum. 

b. Impingement on a baffle. 

c. Tangential inlet at high velocity and change of direction. 

d. Multiple baffles, without or with coarse spray irrigation. 

e. À pipeline deentrainer. 


The capacity and effectiveness of proprietary devices such as items 
c to e cannot be estimated from general knowledge, but manu- 
facturers usually claim that they can be sized to remove 99% of 
8 um droplets or particles. “Separators, entrainment” is an entry 
in the index of the Chemical Engineering Catalog which is a guide to 
manufacturers who may be consulted about the performance of 
their equipment. 

In cyclone separators the gas enters tangentially at a high 
velocity, rotates several times, and leaves through a central pipe. 
Such equipment has been studied widely, particularly for the 
removal of dusts and catalyst fines in fluidized bed systems. The 
literature is reviewed by Rietema and Verver (1961), Maas (1979), 
Zenz (1982), and Semrau (1984). 

Typical cyclone dimension ratios are indicated on Figure 18.9. 
For liquid knockout the bottom head often is made dished as on 
Figure 18.10 which also shows standard dimensions. Inlet velocities 


Fractional entrainment y 





0.001 : 
0.01 01 10 


p.LM jJ P, 

Ы" VM, V, 
Figure 18,5. Entrainment from sieve trays in the units mols liquid 
entrained/mol of liquid downflow; LM, is the weight rate of flow of 
liquid and УМ, 15 the weight rate of flow of vapor. The flooding 


correlation is Figure 13.32(b). [Fair and Matthews, Pet. Refiner 
37(4), 153 (1958)]. 


should be in the range 100-150 ft/sec, the higher the better, but 
may be limited by the occurrence of reentrainment and 
unacceptable pressure drop. The pressure drop is estimated in terms 
of velocity heads, a value of four being commonly taken. 
Accordingly, 
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Figure 18.6. Knockout drums. Key dimensions of vertical and 
horizontal types. 


For the design of Figure 18.10, the size of the inlet is selected 
at a specified inlet velocity and required volumetric rate; the other 
dimensions then are fixed as given for this standard. 

Very high velocities tend to skim the liquid film off the vessel 
wall and off the liquid at the bottom. The liquid also tends to creep 
up the wall and down the exit pipe where it is picked up by the exit 
gas. The skirt shown on Figure 18.9 is designed to prevent 
reentrainment of the creeping liquid, and the horizontal plate in 
Figure 18.10 prevents vortexing of the accumulated liquid and 
pickup off its surface. 

Efficiencies of 95% for collection of 5 ит droplets can be 





AP = 4pV7/2g = 4.313p(ft/sec/100)^, ря. (18.13) 
For atmospheric air, for instance, this becomes 

АР = 0.323(ft/sec/100)?, psi. (18.14) 

EXAMPLE 18.2 

Quantity of Entrainment on the Basis of Sieve Tray Corre- 

lations 


The conditions of Example 13.15 will be used. This is the case of a 
standard sieve tray with 24in. spacing and to operate at 80% of 
flooding. The entrainment correlation is Figure 18.4 for which the 
value of the abscissa was found to be 


wi/ wa V pal pr = 0.2924. 


At 80% of flooding the ordinate of Figure 18.4 is 


р = 0.008 mol entrained liquid/mol liquid downfiow. 
Since w,/wg = 259,100/271,500 = 0.954 mol liquid/mol vapor (as- 


suming the same molecular weights), the entrainment expressed 
with reference to the vapor flow is 


sy = 0.008(0.954) = 0.0076 mol liquid/mol vapor flow. 


The linear velocity of the vapor was found in Example 13.15 to 
be 0.597 ft/sec for this condition. 
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EXAMPLE 18.3 

Liquid Knockout Drum (Empty) 
Gas at the rate of 3000 cfm and liquid at 25 сіт enter a drum іп 
which entrainment is to be removed. Holdup of liquid in the drum 
is 10 min. The properties are those of air and water at atmospheric 
conditions. Find the size of the drum needed to remove droplets 
greater than 200 ит dia. 

Vertical drum, with Eq. (18.9): 


и = 0.14V62.4/0.075 — 1 = 4.04 ft/sec, 
D = \3000/60(л/4) (4.04) —3.97 ft, say 4.0 ft. 


From Figure 18.5, the vapor space is a minimum of 5.5 ft. The 
liquid depth is 


_ 250 

~ (я14)р? 
L — 19.9+ 5.5 = 25.4 ft, 

L/D =25.4/4 = 6.35. 


ва = 19.9} 10min holdup, 


With D =4.5 ft, L = 15.7 + 5.5 = 21.2, and L/D = 4.71. 
Horizontal drum: 
The allowable velocity is 25% greater: 


и = 1.25(4.04) = 5.05 ft/sec. 


Try several fractional vapor cross sections ф: 


D = V50/5.05(%/4) = V12.61/6 , 
Г. = 250/(1 — $)(1/4)D? = 25.249/(1 — $), 
h = depth of liquid. 


$ h/D D L L/D 
0.2 0.75 7.94 (8.0) 6.31 (6.2) 0.78 
03 0.66 6.48 (6.5) 10.82 (10.8) 1.66 
0.4 0.58 5.61 (5.5) 16.83 (17.5) 3.18 
0.5 0.50 5.02 (5.0) 25.24 (25.5) 5.10 


Accordingly, a horizontal vessel between 5.0 and 5.5 ft Ша with 
a liquid depth between 58 and 5076 of the diameter falls in the usual 
economic range. 





achieved by proper design of cyclone separators. For applications 
such as knockout drums on the suction of compressors, however, it 
is sufficient to remove only droplets greater than 40—50 um. 
Capacity and efficiency depend on the inlet velocity and the 
dimensions of the vessel. Correlated studies have been made chiefly 
for the design of Figure 18.9 with a rectangular inlet whose width is 
D/4 (one-fourth of the vessel diameter) and whose height is 2-3 
times the width. A key concept is a critical particle diameter which 
is the one that is removed to the extent of 50%. The corresponding 
% removal of other droplet sizes is correlated by Figure 18.11. The 
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equation for the critical particle diameter is 
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where D is the diameter of the vessel and У is the inlet linear 
velocity. The quantity N, is the number of turns made by the gas in 
the vessel. A graphical correlation given by Zenz (1982) can be 
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Figure 18.7. Key dimensions of knockout drums equipped with mesh pads. (a) Vertical knockout drum. (b) Horizontal knockout drum. 
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Figure 18.8. Principles of entrainment separation and some commercial types of equipment. (а) Basic principles of entrainment separating 
equipment: (i) change of direction; (ii) impingement on a baffle; (iii) tangential inlet resulting in centrifugal force. (b) Wire or fiber mesh 
pad, typical installations as in Figure 18.7. (c) A separator combining impingement and centrifugal force (V.D. Anderson Co.). (d) 
Equipment with impingement and change of direction (Wright-Austin Co.). (e) Multiple zig-zag baffle arrangement (Peerless Mfg. Co.). 


represented by the equation 


М, = [0.1079 — 0.00077V + 1.924(10- 5 V?]V (18.16) 


with V in ft/sec. With a height of opening equal to 2.5 times the 
width, the volumetric rate is 


О = AV =2.5D°V/16. (18.17) 


These relations are used in Example 18.5 to find the size of a 
separator corresponding to a specified critical particle diameter, and 
to the reverse problem of finding the extent of removal of particles 
when the diameter of the vessel and the velocity are specified. 

To obtain a high efficiency, the vessel diameter must be small, 
but in order to accommodate a required volumetric rate, many units 
in parallel may be needed. These units, called multicyclones, may 
be incorporated in a single shell at a cost that may be justifiable in 
view of greater efficiency and lower pressure drop. 


18.6. STORAGE TANKS 


Cylindrical tanks for the storage of inflammable liquids above or 
under ground at near atmospheric pressure are subject to standards 
of Underwriter Laboratories or of the API. Underwriters covers 
some smaller sizes. Both sets of standards are restricted to steel 
construction for essentially noncorrosive service. Various manufac- 
turers supply Underwriter or API tanks as a matter of course. 

Standard tanks are made in discrete sizes with some latitude in 
combinations of diameter and length. For example, Table 18.2 
shows the several heights of 30ft diameter tanks among API 
standard sizes. The major specification is that of metal wall 
thickness. In smaller sizes the thickness is determined by require- 
ments of rigidity rather than strength. Some general statements 
about metal thickness of tanks may be given. 

Horizontal tanks. Above ground they are limited to 35,000 gal. 
Normally they are supported on steel structures or concrete saddles 
at elevations of 6 to 10ft. The minimum thickness of shell and 
heads is 3/16in. in diameters of 48-72 іп. and 1/4 in. in diameters 
of 73-132 in. 
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EXAMPLE 18.4 

Knockout Drum with Wire Mesh Deentrainer 
For the flow conditions of Example 18.2, design a drum with a 
standard efficiency stainless steel wire mesh pad. For this condition, 
k — 0.35, so that 


и = 0.35V62.4/0.075 — 1 = 10.09 ft/sec, 
D = М50/(т/4)и = 2.51 ft. 


With 2 in. support rings the pad will have a diameter of 34 in. 

The size of the drum is set largely by the required liquid holdup 
of 250 cuft. On the basis of Figure 18.7, the height of vessel above 
the liquid level is 4 ft. As in Example 18.2, take the diameter to be 
4.5 ft. Then 


Ly = 25[10/(2/4)(4.5)] = 15.7 ft, 
L 215.74 4.0— 19.7 ft, 
L/D = 19.7/4.5 = 4.38. 


This ratio is acceptable. As a check, use Eqs. (18.11) and (18.12): 


x =(W,/W,)VP,/P, = У, /У,МР, IP, 
= 25/3000 V62.4/0.075 = 0.24, 

k = —0.0073 + 0.263/[(0.24):2° + 0.573] 
= 0.353, 


which is close to the assumed value, К = 0.35. 














Figure 18.9. Typical dimension ratios of 
a cyclone separator. 
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Figure 18.10. Dimensions of standard liquid knockout drums with 
tangential inlets. 
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Figure 18.11. Percent removal of particles in a cyclone as a function 
of their diameters relative to the critical diameter given by Eqs. 
(18.15) and (18.16) (Zenz, 1982). 


Vertical tanks. Those supported above ground are made with 
dished or conical bottoms. Flat bottomed tanks rest on firm 
foundations of oiled sand or concrete. Supported flat bottoms 
usually are 1/4 in. thick. Roof plates аге 3/16 т. thick. Special roof 


EXAMPLE 18.5 

Size and Capacity of Cyclone Separators 
Air at 1000 cuft/sec and density of 0.075 Ib/cuft contains particles 
with density 75 lb/cuft. 50% of the 10 um diameter particles аге to 
be recovered. Find the sizes and numbers of cyclones needed with 
inlet velocities in the range of 50-150 ft/sec. The inlet is rectangular 
with width D/4 and height 2.5D/4, where D is the diameter of the 
vessel. 

Equation (18.15) becomes 


D | 4n(o— p,)D; 





4л(о — p,)D; 
МУ 9u 
050 10 ү- 
—5(1.285)10 5) (304,800) = 900876, 


where N, is given by Eq. (18.16). The number of vessels in parallel 
is 


Q' 100 6400 
AV (L516D!V DV 





п = 


The results at several velocities are summarized. 
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constructions that minimize vaporization losses were mentioned 
earlier in this chapter; they are illustrated by Mead (1964), by 
Riegel (1953), and in manufacturers catalogs. The curved sides are 
made of several courses of plate with thicknesses graduated to meet 
requirements of strength. The data of the selected API tanks of 
Table 18.2 include this information. Figure 18.12 illustrates the 
facilities that normally are provided for a large storage tank. 

In order to minimize hazards, storage tanks for inflammable or 
toxic materials may be buried. Then they are provided with an 
overburden of 1.3 times the weight of water that the tank could 
hold in order to prevent floating after heavy rainfalls. 

Cylinders with curved heads are used for pressure storage at 
5-230psig. In the range of 5-10psig, spheroids and other 
constructions made up with curved surfaces, as in Figure 18.12(c) 
are being used in quite large sizes, often with refrigeration to 
maintain sufficiently low pressures. More illustrations of such 
equipment appear in manufacturers' catalogs and in the books of 
Mead (1964) and Riegel (1953). 

Mention of vessels for the storage of gases was made at the 
beginning of this chapter, and Figure 18.12(d) shows the principles 
of some suitable designs. Design for storage of granular solids 
includes provisions for handling and withdrawal, as in the case of 
Figure 18.13. 
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Process design of vessels establishes the pressure and temperature 
ratings, the length and diameter of the shell, the sizes and locations 
of nozzles and other openings, all internals, and possibly the 
materia] of construction and corrosion allowances. This information 
must be supplemented with many mechanical details before 
fabrication can proceed, notably wall thicknesses. 

Large storage tanks are supported on a concrete pad on the 
ground. Other vessels are supported off the ground by various 
means, as in Figure 18.14. 

For safety reasons, the design and construction of pressure 
vessels are subject to legal and insurance standards. The ASME 


Vids N D (ft) n 


50 3.71 1.62 48.8 
100 5.01 4.39 3.32 
144 5.32 6.71 1.0 


From Figure 18.11, the percentage recoveries of other-sized 
particles are: 


D, / (Duas % Recovered 
0.3 S 
0.5 22 
0.6 30 
1 50 
2 70 
6 90 
9 98.5 


When the smallest of these cyclones, 1.62ftdia, is operated at 
150 cuft/sec, 


М, = 5.35, 








9(1.285)(10-5)(1.62) 19% 
(Бұлан Ex - 0055 
= 1.574(1075) й, 4.80 ит. 





TABLE 18.2. Storage Tanks, Underwriter ог АРІ Standard, 
Selected Sizes 


a. Small Horizontal Underwriter Label 








Dimensions 
Capacity ------------ Weight 
Gallons Diameter Length Thickness in pounds 
280 42" 4'-0" de 540 
550 48" 6-0" rd 800 
1000 48" 10'-8" Ed 1260 
1000 64" 6'—0" T 1160 
1500 64" 9'—0" ru 1550 
2000 64" 12'-0" Iz 1950 
3000 64" 18-0" ё, 2730 
4000 64" 24-0" rud 3510 
b. Horizontal or Vertical with Underwriter Label 
Dimensions 
Nominal ------------------- 
Capacity Approx. No. of 
Gallons Diameter Length Thickness Weight Supports 
5,000 6-0” 23-9" i 5,440 3 
5,000 7-0! 17-6” м 5,130 2 
6,000 8-0” 16-1” м 5,920 2 
6,000 8-0” 16-1” ru 6,720 2 
8,000 8-0” 21-4! i 7,280 2 
8,000 8-0” 21-4” в" 8,330 2 
10,000 8-0” 26-7” i 8,860 3 
10,000 8-0" 26-7” в" 10,510 3 
10,000 10-0” 17-2” ғ 8,030 2 
10,000 10-0" 17-2" ж 9,130 2 
10,000 10-6" 15-8” i 8,160 2 
10,000 10'-6" 15'-8" в” 9,020 2 
15,000 8-0” 39-114 Y 13,210 4 
15,000 8'-0" 39-11“ Ed 14,620 4 
20,000 10-0" 34'-1" y 14,130 3 
20,000 10-0” 34-1” * 16,330 3 
25,000 10-6” 38-9 м 17,040 4 
25,000 10-6” 38-9” ru 19,010 4 
c. Large Vertical, API Standard 
Dimensions Capacity Shell Plates (Butt Welded) 
42 gal Bottom Ring Ring Ring Ring Ring Ring Ring Top Roof 
Diameter Height per БЫ U.S. ба! Plates 1 2 3 4 5 6 7 Angle Plates 
21'0" 18703” 1,114 46,788 y * 2, rd S'x3'xi а 
24%" 24'0" 1,933 81,186 м 2, 3 ru ё" 3"x 3" х 1" 2" 
30'0" 24'0" 8,024 127,008 a" ығ оо F SxSyxi Rr 
30'0 29117 3,769 158,300 т ғо о а ам тхохр o ox 
30'0" 35102" 4,510 189,420 м E ЕН Е в" y" EL a'xa'xi Зи 
30” 3710; | 4766 200,161 д" 3" 16" 16” ЕЕЕ 3" x 3' x а" лє” 
30%" 4193" 5,64 221,088 i iy 2, Eu =" 3" E З" ax ar x} э” 
40'0” 33'104" 7,586 318,612 Ld д" г зы зв 8'x3'xY ы 
50%” 47% 16,700 701,400 i 0.35” 029 025 1" 2 i jxa'xi E 
60'0" 397107 20,054 842,268 tu 0.34" 0.27" Y à à 8'x3'x д" e 
70%" 4077 27,472 1,153,824 i 040 0.32" 0.25" F 2” S9'XS'x$" — aw 
100'0" 40'0" 55,960 2,350,320 м 0.57" 0.45" 033" 1" x 3" x 3" x ё" $' 
150'0" 48'0' 151,076 6,345,192 Y 1.03” 0.85" 0.68" 0.50” 0.33" 1" 3” x 3" x 2" =" 
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Figure 18.12. Examples of equipment for storage of liquids and gases in large quantities. (a) A large tank and its appurtenances, but 
with no provision for conservation of breathing losses (Graver Tank and Mfg. Co.). (b) Schematic of a covered floating roof tank in 
which the floating roof rides on the surface of the liquid. They also are made without the fixed roof [R. Martin, Petro/Chem. Eng., 
23, (Aug. 1955)]. (c) Cutaway of a 40,000 ВЫ spheroid for operation at 10 psig (Chicago Bridge and Iron Со.). (d) Design principles 
of tanks for storage of gases or liquids subject to breathing losses at atmospheric pressure: water seal, dry seal with flexible curtain, 


and variable vapor space controlled by a flexible curtain. 


Codes appiy to vessels greater than 6in. dia operating above 
15 psig. Section VIII Division 1 applies to pressures below 3000 psig 
and is the one most often applicable to process work. Above 
3000 psig some further restrictions are imposed. Division 2 is not 
pressure limited but has other severe restrictions. Some of the many 
details covered by Division 1 are indicated by the references to 
parts of the code on Figure 18.15. 


DESIGN PRESSURE AND TEMPERATURE 


In order to allow for possible surges in operation, it is customary to 
raise the maximum operating pressure by 10% or 10-25 psi, 
whichever is greater. The maximum operating pressure in turn may 


be taken as 25 psi greater than the normal. Тһе design pressure of 
vessels operating at 0-10 psig and 600—1000?F is 40 psig. Vacuum 
systems are designed for 15 psig and full vacuum. Between -20 апа 
650°F, 50°F is added to the operating temperature, but higher 
margins of safety may be advisable in critical situations. When 
subzero temperatures have an adverse effect on the materials of 
construction, the working temperature is reduced appropriately for 
safety. 

Allowable tensile stresses are one-fourth the ultimate tensile 
strength of the material of construction. Values at different 
temperatures are given in Table 18.4 for some steels of which shells 
and heads are made. Welded joint efficiencies vary from 100% for 
double-welded butt joints that are fully radiographed to 60% for 
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Figure 18.13. Equipment for handling, storing and withdrawing of 
granular solids in a glass manufacturing plant (Stephens-Adamson 
Mfg. Co.). 


single-welded butt joints without backing strips and without radio- 
graphing. The Code has details. 


SHELLS AND HEADS 


Although spherical vessels have a limited process application, the 
majority of pressure vessels are made with cylindrical shells. The 
heads may be flat if they are suitably buttressed, but preferably they 
are some curved shape. The more common types of heads are 
illustrated on Figure 18.16. Formulas for wall thicknesses are in 
Table 18.3. Other data relating to heads and shells are collected in 
Table 18.5. Included are the full volume V, and surface 5 as well as 
the volume fraction V/V, corresponding to a fractional depth H/D 
in a horizontal vessel. Figure 18.17 graphs this last relationship. For 
ellipsoidal and dished heads the formulas for V/V, are not exact but 
are within 2% over the whole range. 


FORMULAS FOR STRENGTH CALCULATIONS 


The ASME Code provides formulas that relate the wall thickness to 
the diameter, pressure, allowable stress, and weld efficiency. Since 
they are theoretically sound only for relatively tbin shells, some 
restrictions are placed on their application. Table 18.3 lists these 





Figure 18.14. Methods of supporting vessels. (a) Saddle supports for 
horizontal vessels, usually of concrete. (b) Bracket or lug supports 
resting on legs, for either vertical or horizontal vessels. (c) Bracket 
or lug supports resting on steel structures, for either vertical or 
horizontal vessels. (d) Straight skirt support for towers and other 
tall vessels; the bearing plate is bolted to the foundation. (e) Flared 
skirt for towers and other tall vessels, used when the required 
number of bolts is such that the bolt spacing becomes less than the 
desirable 2 ft. 


Saddles 
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Flonge types 
Fig 2-4, 
Е, -1 
m 9” 5.2 Stiffening ring 
Por 9542 Par. UG- 29,30, ULT-29 
Skirt length UCS-29, UHA-29,UHT-28-30 
Par UG- 32,33 Bors e 2 Fiot heads App. L 
Fig UW-13 or UG- Par. 06-34 Fullfaced gasket 
Рог. UHT-19 App 2,27, App асады т һ Depth of head 
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App.1-5,L1,L2 , 
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Figure 18.15. References to items covered іп the ASME Code for Unfired Pressure Vessels, Section УШ Division 1 (Chuse and Eber, 
1984). 


TABLE 18.3. Formulas for Design of Vessels under Internal Pressure? 











Thickness Pressure Stress 
item tlin.) P(psi} Sipsi) Notes 
- PR SEt PIR +0.6t) 
Cylindrical shell ЗЕ-05В 2 06t ——1 c 1=0.250, P=0.385SE 
Flat flanged heac (a) DV0.3P/S 2510.30? 0.3D7P/t? 
. . 0.885PL SEt P(0.8851 + 0.1t) Е 
Torispherical head (b) $Е—01Р 088513011 р г{1= 0.06, 1=0 +2# 
MN PLM 2SEt P(LM + 0.21) 284/07 
Torispherical head (b) 28É —02P IM +021 ==, м == 
ype PD 2SEt P(D + 0.2t) Е 
Ellipsoidal head (c) 25Е-02Р DOZ EE RN В/О = 4 
MUN PDK 2SEt _ P(DK + 0.21) _ 2 ec 
Ellipsoidai head (с) 28E 02р DK +02 Ср К = 2 + (02/21) 1/6, 2=D/h=6 
Hemispherical head (а) PR 2SEt P(R +0.2t) = 0.1780, Р-<0.6855Е 
ог shell 2SE —0.2P R+0.2t 2t 
, А PD 2SEt cos « P(D + 1.2. cos а) o 
Toriconical head (e) 2(SE — 0.6Р} cos a D+ 1.2tcos a 2tcos o a 530 


2 Nomenclature: D = diameter (in.), E = joint efficiency (0.6-1.0), L= crown radius (in.), Р = pressure (psig), h = inside depth of ellipsoidal head 
(in.}, г = knuckle radius (in.), А = radius (in.), $ = allowable stress (psi), t = shell or head thickness (in.). 
Note: Letters in parentheses in the first column refer to Figure 18.16. 
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TABLE 18.4. Maximum Allowable Tensile Stresses (psi) of Plate Steels 


(a) Carbon and Low Alloy Steels 








A.S.M.E. Spec. min. For temperatures not exceeding ^F. 
Specification Nominal tensile 
No. Grade composition strength —20 to 650 700 800 900 1000 1100 1200 
Carbon Steel 
5А515 55 C-Si 55,000 13,700 13,200 10,200 6,500 2,500 
5А515 70 C-Si 70,000 17,500 16,600 12,000 6,500 2,500 
5А516 55 C-Si 55,000 13,700 13,200 10,200 6,500 2,500 
SA516 70 C-Si 70,000 17,500 16,600 12,000 6,500 2,500 
SA285 А tee 45,000 11,200 11,000 9,000 6,500 
SA285 Вв rece 50,000 12,500 12,100 9,600 6,500 
SA285 C ҙә.--- 55,000 13,700 13,200 10,200 6,500 
Low-Alloy Steel 
54,202 А Cr-Mn-Si 75,000 18,700 17,700 12,600 6,500 2,500 
SA202 B Cr-Mn-Si 85,000 21,200 19,800 12,800 6,500 2,500 
5АЗ87 р* 21 Cr-I Мо 60,000 15,000 15,000 15,000 13,100 2,800 4,200 1,600 
(b) High Alloy Steels 
Specified 
A.S.M.E. minimum For temperatures not exceeding °F. 
Specification Nominal tensile 
No. Grade composition strength —20to 100 200 400 700 900 1000 1100 1200 1300 1400 1500 
SA-240 304 18 Cr-8 Ni 75,000 18,700 15,600 12,900 11,000 10,100 9,700 8,800 6,000 3,700 2,300 1,400 
SA-240 304L+ 18 Cr-8 Ni 70,000 15,600 13,300 10,000 9,300 
SA-240 310S 25 Cr-20 Ni 75,000 18,700 16,900 14,900 12,700 11,600 9,800 5,000 2,500 700 300 200 
SA-240 316 16 Cr-12 Ni-2 Mo 75,000 18,700 16,100 13,300 11,300 10,800 10,600 10,300 7,400 4,100 2,200 1,700 
SA-240 410 13 Cr 65,000 16,200 15,400 14,400 13,100 10,400 6,400 2,900 1,000 


(ASME Publications). 


relations for cylindrical and spherical shells and for all but the last 
of the heads of Figure 18.16. For unusual shapes there are no 
simple methods of design; experience and testing may need to be 
resorted to if such shapes are required. 

The formulas are expressed in terms of inside dimensions. 
















































































Figure 18.16. Fractional volumes of horizontal cylinders and 
curved heads at corresponding fractional depths, Н/Р. 


Although they are rarely needed, formulas in terms of outside 
dimensions, say D,, may be derived from the given ones by 
substitution of D, —2t for D. For the 2:1 elipsoidal head, for 
instance, 


œ РР___РФ,- 21) PD, 
2SE—0.2P 2SE-0.2P 25Е+1.8Р` 











(18.18) 


Example 18.6 investigates the dimensions and weight of a 
vessel to meet specifications. It is brought out that pressure vessels 
with large L/D ratios are lighter and presumably cheaper. A 
drawback may be the greater ground space needed by the slimmer 
and longer construction. 

In addition to the shell and heads, contributions to the weight 
of a vessel include nozzles, manways, any needed internals, and 
supporting structures such аз lugs for horizontal vessels and skirts 
for vertical ones. Nozzles and manways are standardized for 
discrete pressure ratings; their dimensions and weights are listed in 
manufacturers' catalogs. Accounting for these items may contribute 
10-2046 to the calculated weight of the vessel. 

Mechanical design specification sheets (Appendix B) sum- 
marize the information that a fabricator needs in addition to the 
general specifications of the vessel codes. Not all of the data on the 
specification summary are necessarily in the province of the process 
engincer; it may depend on the stage of the design and on who else 
in the organization is available to do the work. 


TABLE 18.5. Heads and Horizontal Cylinders: Formulas for Partially 
Filled Volumes and Other Data 


Nomenclature 


D = diameter of cylinder 

H = depth of liquid 

S = surface of head 

V5 = volume of full head 

9 = angie subtended by liquid level or angle of cone 


Cylinder 


0 = 2 агссоз(1 — 2H/D) 
0(rad) = 9°/57.3 
VÍM, = (1/2л) (0 — sin 0) 


Hemispherical head 


S-157D* 

V =(2/3)H7(1.5D — Н) 
М-(л/12)р3 

V/V) = 2(H/DY (1.5 – H/D) 


Ellipsoidal head (h = 0/4) 





S-1.09D* 
№ = 0.1309D? 
V/V, 2(H/DY 1.5 — H/D) 


Torispherical (L — D) 


S - 0.842D? 

V, = 0.0778D? 

V/V,  2(HIDY 1.5 — H/D} F ] 
Conical H 

H - Кр ~ d)/2] tan 0 + 


- [0500 a) Ө = 45° 

7 [0.2887(0 — а), Ө = 30° D 
5 = 0.785(0 + dj VAH? + (D — d}, curved surface 

V — 0.262H(D? + Dd + а?) 





(a) (b) (c) 


Figure 18.17. Types of heads for cylindrical pressure vessels. (a) Flat flanged: KR = knuckle radius, ЅЕ straight flange. (b) 
Torispherical (dished). (c) Ellipsoidal. (d) Spherical. (c) Conical, without knuckle. (f) Conical, with knuckle. (g) Nonstandard, one of 
many possible types in use. 
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(d) 








Figure 18.17—(continued) 





EXAMPLE 18.6 

Dimensions and Weight of a Horizontal Pressure Drum 
А drum is to operate at 500°F and 350 psig and to hold 5000 gal at а 
depth H/D =0.8. Dished heads are to be used. The material is 
SA285A. Examine the proportions L/D = 3 and 5. Formulas are in 
Table 18.5: 


Ик = 5000/7.48 = 668.4 сай. 
Two heads, capacity with H/D = 0.8, 


V, = (ИГУ) = 2[0.0778D*(2(H/D)'(1.5 - H/D)] 
= 0.1394р?. 


Shell capacity with H/D — 0.8, 


Ө = 2 arccos(1 - 1.6) = 4.4286 rad, 
V, = V(V/V;) = (x/4)D?L(/2z)(0 — sin Ө) 
—0.6736D?L 
Улама = 668.4 = 0.139403 + 0.6736 071, 


with L/D —3, 


_ [668.4 

Е (254 

L= 668.4 — 0.139403 
0.67360? 


18 
) —6.76ft, say 6.5 ft, 
=22.1Н, say 22.0. 


Allowable stress S = 11,200 psi. 


Say joint efficiency is Е = 0.9: 


; PR _ 350(39) 
shell S$E—0.6P 0.9(11,200) — 0.6(350) 








= 1.38 in. 


Dished head with L = D and r/L = 0.06: 


0.885(350)(78) 





1 = 9:9(11,200) — 0.1(350) ^^ 
Surfaces: 
shell, S=aDL = 449.3 sqft, 


heads, S = 2(0.842)D? = 71.2 sqft, 
Weight = [449.3(1.4) + 71.2(2.4)]491/12 
- 32,730 lbs. 


The results for L/D — 3 and 5 are summarized. 


Item L/D=3 L/D=5 
D (ft) 6.5 5.5 
L (ft) 22.0 32.0 
tenon (in.) 1.38 (1.4) 0.957 (1.0) 
theaa lin.) 2.41 (2.4) 1.67 (1.7) 
Weight (Ib) 32,730 26,170 


The completed vessel will include the weights of nozzles, a 
manway and reinforcing around the openings, which may total 
another 10-20%. The weights of these auxiliaries are stated in 
manufacturers’ catalogs. 
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OTHER TOPICS 


everai kinds of processes and equipment that do not 
fit readily into the categories of earlier chapters have 
achieved limited but nevertheless valuable 
applications in chemical processing. Many of them 
are offered by only a few manufacturers and the performance 
and economic data are highly proprietary. Here the objective 
is primarily to describe the principles involved, to point out the 


19.1. MEMBRANE PROCESSES 


Membranes, usually of organic polymers, can be constructed for 
separation of liquids from dissolved or suspended substances of a 
wide range of sizes smaller than those normally processed by the 
kind of filtration equipment described in Chapter 11. The full range 
of sizes of molecules and particles is illustrated in Figure 19.1. For 
small dissolved molecules, a phenomenon known as osmosis is the 
basis for a means of separation. Osmosis becomes manifest when 
two solutions at the same temperature and pressure but of different 
concentrations are separated by a semipermeable membrane, 
namely one that allows passage of the solvent but not the solute. 
Figure 19.2 illustrates this process. One theory of the action of a 
semipermeable membrane is that the solvent dissolves in the 
membrane at the face of higher concentration or higher partial 
pressure and is released at the other face where the concentration is 
lower. 

The natural tendency is for the solvent to flow in the direction 
that will equalize the concentrations. It turns out, however, that if a 
certain pressure, called the osmotic pressure, is imposed on the 
more concentrated solution, flow the solvent can be forced in the 


main applications, and to refer to sources of more 
information. Specific manufacturers can be identified by 
reference to the usual directories of chemical process 
equipment (References, Chapter 1). 

In addition, a number of other topics that also have been 
ignored in earlier chapters but are of interest to chemical 
processing will be covered in similarly brief fashion. 


direction from the more concentrated to the more dilute solution. 
For the case of pure solvent on the low pressure side of the 
membrane, the osmotic relation is 


1 Pos - У, 


In TwXw - RT Д У, ар = – nr Po» (19.1) 


where у is the activity coefficient, x is the mol fraction, and V is the 
partial molal volume; subscript w identifies the solvent. For ideal 
solutions, the activity coefficient is unity. Since nonideality is of 
common occurrence, this equation may be used to find activity 
coefficients from measurements of osmotic pressure. Example 19.1 
illustrates this process, and points out incidentally how rapidly the 
osmotic pressure falls off with increasing molecular weight of the 
solute. 

Size ranges for membrane processing by reverse osmosis, 
ultrafiltration and microfiltration are shown in Figure 19.1. Reverse 
osmosis is effective in removing solvents away from dissolved 
molecules. Because of limitations in crushing strengths of 
membranes, pressures are limited to maxima of about 1000 psi 
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Figure 19.1. Range of molecular weights and particle or droplet sizes of common materials, bow they are measured, and the methods 


employed for their removal from fluids (Osmonics Inc.). 
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Figure 19.2. Diagram of osmotic behavior and the effect of solute 
concentration and molecular weight on osmotic pressure. (a) 
Osmotic-pressure behavior of solutions; AP, sm is the excess 
pressure on the solution required to stop flow of solvent through the 
semipermeable membrane. (b) Effects of solute concentration and 
molecular weight on osmotic pressure. 


(68atm). Flow rates of 2-200gal/(sqft)(day) ог 0.001- 
0.1 kg water/m* sec are attained in various units. Ultrafiltration 
operates at 1-10 atm differential and is effective for the molecular 
weight range of 1000-200,000 which includes many proteins, 
viruses, and bacteria. Ultra and micro filtrations somewhat overlap. 
Pressures for microfiltration are about 1 atm differential. Since these 
processes are relatively expensive, their applications are limited 
largely to analytical purposes and in water treatment for 
pharmaceutical manufacturing. Some specific applications are listed 
in Table 19.1. 


MEMBRANES 


The first commercially successful membrane was the anisotropic or 
asymmetric structure invented by Loeb and Sourirajan (1960; cited 
by Sourirajan, Reverse Osmosis, Academic, М.Ү., 1970). It is made 


of cellulose acetate and consists of a dense layer 0.2-0.5 um thick 
deposited on a porous structure 50-100 ит thick with pores 
0.1-1.0 um dia. The thin film has the desired solute retention 
property while offering little resistance to flow and the porous 
substructure offers little resistance to flow but provides support for 
the skin. The characteristics of available membranes for reverse 
osmosis and ultrafiltration are listed in Tables 19.2-19.4. 

Hollow fiber membranes are primarily homogeneous. In use, 
their lower permeability is compensated for by large surface per 
unit volume of vessel. Fibers are 25-250 ит outside dia, wall 
thickness 5—50 um. The cross section of a vessel for reverse osmosis 
may have 20-35 million fibers/sqft and а surface of 5500- 
9000 sqft/cuft of vessel. Recently developed hollow fibers for gas 
permeation processes have anisotropic structures. 


EOUIPMENT CONFIGURATIONS 


Four principal kinds of membrane assemblies are in use: 


a. Tubular, in which the membrane is deposited either on the 
inside or the outside of porous tubes, most commonly inside for 
reverse osmosis and outside for ultrafiltration. Figure 19.3(a) 
shows a single-tube construction but units with 7 or 19 tubes in а 
single shell are made as standard items. Table 19.5 lists some 
available sizes. “Dynamic membranes" may be deposited on 
porous stainless steel tubes from a feed solution containing 
50-100 mg/L of membrane-forming solution which consists of 
polyacrylic acid and hydrous zirconium oxide. Such a membrane 
can be deposited in 1 hr and replaced as quickly. Fluxes are very 
high; 100 gal/(sqft)(day) is shown in Table 19.6(a). Some 
applications are described by Turbak (1981, Vol. II, pp. 
434-453). 

b. Plate-and-frame construction is shown in Figures 19.3(b) and (с). 
It is used more commonly for ultrafiltration. А related kind of 
equipment is the electrodialysis plate-and-frame equipment of 
Figure 15.21. 

€. Spiral wound assemblies are illustrated in Figure 19.4. They 
consist of a long envelope of membrane sealed on tbe edges and 
enclosing a porous material which serves as a channel for the 
flow of the permeate. The spacer for the feed solution flow 
channel is a meshlike material through which the solution is 
forced under pressure. The modules listed in Table 19.5 are 
2-8in. dia, up to 3ft long, and provide about 250sqft of 
membrane surface/cuft of vessel. Dimensions are shown on 
Figure 19.4(c). According to Table 19.6, reverse osmosis rates of 
2500 gal/(sqft)(day) are attained. 

d. Hollow fiber assemblies function as one-ended shell-and-tube 
devices. At one end the fibers are embedded in an epoxy 
tubesheet and at the other end they are sealed. Overall flows of 
feed solution and permeate thus are in counterflow. Flow of 
permeate is into the tubes which takes advantage of the great 
crushing strengths of the small diameter fibers, and constitutes a 
“fail-safe” operation since collapse of fibers results in closure 
whereas bursting would result in leakage. The most serious 
drawback is some difficulty of cleaning. A widely used 
equipment of this type is illustrated in Figure 19.5. 


APPLICATIONS 


The greatest use of membranes is for reverse osmosis desalination 
of seawater and purification of brackish waters. Spiral wound and 
hollow fiber equipment primarily are applied to this service. Table 
19.6 has some operating data, but the literature is very extensive 
and reference should be made there for details of performance and 
economics. 





EXAMPLE 19.1 
Applications of the Equation for Osmotic Pressure 
a. The osmotic pressure of a sucrose solution is 148.5 atm at 20°С. 
The concentration is 1.43 kg sucrose/kg water, corresponding to 
a mol fraction 0.0700 o? sucrose. The partial molal volume of 


water is approx 0.018L/gmol. Accordingly, the activity 
coefficient of the water is 
i 0-018(148.5)] 
=— АА | = 0,9622. 
Y=1=907 exl 0.082(293.2) | 7 02622 


The difference from unity appears to be small but is nevertheless 

significant. At this concentration, if the activity coefficient were 

unity, the csmotic pressure would be 

. 0.082(293.2) 
0.018 


which is considerably in error. 


P= In(1 — 0.07) = 97 atm, 





Because of the low energy requirements of separations by 
reverse osmosis, much attention has been devoted to other 
separations of aqueous solutions, at least on a laboratory scale, for 
instance, of etaanol/water. Membranes have been found that are 
moderately effective, but the main obstacle to the process is the 
very high pressures needed to remove water from high 
concentrations of ethanol against pure water on the low pressure 
side. А practical method of circumventing this problem is to replace 
the water on the low pressure side by a solution of sufficiently high 
concentration to allow the application of only moderate pressure. 
The case examined in Example 19.2 utilizes a solution of ethylenc 
glycol on the low pressure side of such concentration that 
concentration of ethanol above the azeotropic composition can be 
achieved with a pressure of only 1000 psig. The glycol is easily 
Separated from water by distillation. 


TABLE 19.1. Exampies of Applications of Ultrafiltration 


(а) Applications Involving Retained Colloida! Particles 





Material Application 





Concn/purification of organic pigment slurries; 
separation of solvents, etc. from pigment/resin 
in electropaints; concn of pigments in printing 
effluents 

Concn of waste oils from metal working/textile 
scouring; concn of lanolin/dirt from wool 


Pigments and cis- 
persed dyes 


Oil-in-water emul- 
sion globules 


scouring 
Polymer iattices Concn of emuision polymers from reactors and 
and dispersions washings 


Concn of silver from photographic wastes; concn 
of activated carbon slurries; concn of inorganic 
siudges 

Retention of particulates and colloids in turbid 
water supplies; concn of fines in kaolin 
processing 

Retention of microbiological solids in activated 
siudge processing; concn 

of viral/bacterial cell cultures; separation of 
fermentation products from broth; retention of 
cell debris in fruit juices, etc.; retention of 
cellular matter in brewery/distillery wastes 


Metals/nonmetals/ 
oxides/salts 


Dirt, soils, and clays 


Microorganisms 


Plant/animai cetlu- 
lar materials 
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b. The effect of molecular weight on ideal osmotic pressures of a 
variety of solutions containing 0.1 Кр solute/kg water is 
demonstrated in this tabulation: 


Ideal Osmotic 


Мо! Weight Mol fraction x P (atm) 
58.5 (NaCl) 0.0374 50.9 
100 0.0177 23.9 
342 (sucrose) 0.00524 7.0 
1000 0.0018 2.4 
10,000 1.8(E — 4) 0.24 
100,000 (virus and protein) 1.8(E — 5) 0.024 


Figure 19.1 identifies sizes of common molecules and particles. 
Clearly, osmotic pressures are essentially negligible for molecular 
weights above 10,000 or so. 





GAS PERMEATION 


Differences in rates of permeation of membranes by various gases 
are utilized for the separation of mixtures, for instance, of hydrogen 
from ammonia plant gas, of carbon dioxide from natural gas, and of 
helium from natural gas. The successful "Prism" process of 
Monsanto Co. employs hollow fibers of a porous polysulfone base 
coated with possibly a thin film of silicone rubber. The fibers are 
about 800 um outside and 400 um inside dia. They are housed in 
vessels 4—8 іп. dia and 10-20 й long and may contain 10,000- 
100,000 fibers per bundle. A schematic of such a urit is in Figure 
19.6(a). Pressures up to 150 atm are allowable. A unit 4 in. dia by 
10ft long was able to upgrade 290,000 SCFD of ammonia plant 
purge gas, making a product with 90% hydrogen and a waste of 
20% hydrogen from а feed with 37% hydrogen. 


(b) Applications Involving Soluble Macromolecules 


Material Application 


Proteins Concn/purification of enzymes; 
and concn/purification of casein and whey 
polypeptides proteins; concn/purification of 
gluten/zein; concn/purification of gelatin; 
concn/purification of animal blood; reten- 
tion of haze precursors in clear beverages; 
retention of antigens in antibiotics solu- 
tions; concn/purification of vegetable pro- 
tein extracts; concn/purification of egg 
albumen; concn/purification of fish protein 
extracts; retention of proteins in sugar 
diffusion juice 
Concn of starch effluents; concn of pectin 
extracts 


Polysaccharides 
and oligo- 
saccharides 

Polyphenolics 

Synthetic 
water-soluble 
polymers 


Concn/purification of lignosulphonates 
Concn of PVA/CMC desize wastes 


[From М. C. Beaton and H. Steadly, in Recent Developments in Separation Science (М. М. Li, Ed.), 1981, Vol. VII, pp. 2-29]. 
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TABLE 19.2. Data of Commercial Equipment for Reverse 
Osmosis and Ultrafiltration 


(a) Equipment of Amicon Corp. 

































































Apparent Water flux, 
Nominal mol pore diam, gal/f&/day 
Diaflot wt cutoff at 55 ІМіп? 
UM 05 500 21 10 
UM 2 1,000 24 20 
UM 10 10,000 30 60 
PM 10 10,000 38 550 
PM 30 30,000 47 500 
XM 50 50,000 66 250 
XM 100A 100,000 110 650 
XM 300 300,000 480 1300 
(b) Equipment of Nucleopore Corp. 
; Typical flow rates at 10 Ib/in? 
Nominal 
Specified pore Nominal (gage), AP, 70°F 
pore size, Pore-size density, thickness, Water, Ns, 
шт range, jm pores/em? ит gal/(min)(f?) fé&/(miny(f&) 
8.0 6.9-8.0 1х 105 8.0 144.0 138.0 
5.0 4.3-5.0 4 x 10° 8.6 148.0 148.0 
3.0 2.5-3.0 2x 10° 11.0 121.0 128.0 
10 08-10 2 x 107 115 67.5 95.0 
0.8 0.64-0.80 Зх 10 1L6 48.3 76.0 
0.6 0.48--0.60 3 x 107 116 16.3 33.0 
9.4 0.32-0.40 1х 108 11.6 17.0 33.0 
0.2 0.16-0.20 3x 10 12.0 3.1 8.9 
0.1 0.08-0.10 Зх 10 5.3 19 5.3 
0.08 0.064-0.080 3x10 5.4 0.37 2.6 
0.05 0.040-0.050 6 x 108 5.4 1.12 1.3 
0.03 0.024-0.030 6 x 10° 5.4 0.006 0.19 
(c) Equipment of Koch Membrane Systems (Formerly Abcor) 
Max. Maximum 
Membrane Nominal Temp | Range Pressure 
Type M.W. Cutoff | (°С) pH PSI Configuration 
(1) (2) (3) (4) (Kg/cm?) (5) 
MSD-324* _ 1,500 | 90 1-13 150 (10.5) S 
HFK-132 | 3,500 | 90 1423 150 (10.5) | 5 
НЕК-131 5.000 | 90 1-13 150 (10.5) S 
HFD-300 8,000 80 2-12 150 (10.5) 1 T 
НЕМ-100 10,000 | 90 | 143 | 150 (10.5) ST 
HFA-251* 15,000 50 2-8 150 (10.5) T 
HFM-180 18,000 90 1-13 150 (10.5) §,T 
НЕМ-163 | 18,000 | 60 | 212 | 150 (10.5) ST 
HFP-276 35,000 | 90 | 1-13 | 150(105) | ST 
MSD-181 200000 | 90 | 143 | 15005 | ST _ 
| MSD-400* р __ 100,000 | 90 | 143 |. 150 (10.5) КЫ ST. у | 
| MSD-405* | 250,000 90 | 1-13 | 150 (10.5) ET | 
MMP-406* 022 Microns | 90 1413 150 (10.5) $T | 
.MMP-404* | 0.4 Microns | 90 1-13 150 (10.5) ST 
| MMP-516* | 2 Місгопѕ | 90 1-13 | 150 (10.5) ST 
| MMP-407* | 2-3 Місгопѕ | 90 | 1-13 50 (3.5) S.T | 
| MMP-600 | 1-2 Microns 1 90 | 1-13 50 (3.5) | ST | 
MMP-602 | 2-3 Microns | 90 1-13 50 (3.5) $ | 

















(1) Membranes beginning with “Н” designation are stock items. 


(^ = hydrophyllic) 


(2) The nominat molecular weight (M.W.) cutoff is provided as a guide to the 
relative pore size for these membranes. Since many factors influence the 
actual MW cutoff, tests must be run to confirm retention for any specific 


application. 
(3) At pH -6. 
(4) At 25°С. 
(5) Е = Flat Sheet 


$ = Spiral 


T = Tubular. 


Because of the long, narrow configuration, the equipment 
appears to function in countercurrent mode. Other data of 
experiments with gas permeators as continuous columns appear in 
Figures 19.6(b) and (c); the original paper has data on other binary 
and some complex mixtures. 

Permeability of a membrane is determined partly by gas 
diffusivity, but adsorption phenomena can exist at higher pressures. 
Separation factors of two substances are approximately in the ratios 
of their permeabilities, аА» = P,4/ Pon. Some data of permeabilities 
and separation factors are in Table 19.7, together with a list of 
membranes that һауе been used commercially for particular 
separations. Similar but not entirely consistent data are tabulated in 
the Chemical Engineers Handbook (McGraw-Hill, New York, 1984, 
pp. 17.16, 17.18). 


19.2. FOAM SEPARATION AND FROTH FLOTATION 


Foams are dispersions of gas in a relatively small amount of liquid. 
When they are still on the surface of the liquid from which they 
were formed, they also are called froths. Bubbles range in size from 
about 50 ит to several mm. The data of Table 19.8 show densities 
of water/air foams to range from 0.8 to 24 g/L. Some dissolved or 
finely divided substances may concentrate on the bubble surfaces. 
Beer froth, for instance, has been found to contain 73% protein and 
10% water. Surface active substances attach themselves to dissolved 
materials and accumulate in the bubbles whose formation they 
facilitate and stabilize. Foam separation is most effective for 
removal of small contents of dissolved impurities. In the treatment 
of waste waters for instance, impurities may be reduced from a 
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content measured in parts per million to one measured in parts per 
billion. High contents of suspended solids or liquids are removed 
selectively from suspension by a process of froth flotation. 


FOAM FRACTIONATION 


Some dissolved substances are attracted to surfactants and thus are 
concentrated and removed with a foam. Such operations are 
performed in batch or continuous stirred tanks, or in continuous 
towers as in the flowsketch of Figure 19.7. Compressed air may be 
supplied through a sparger or ambient air may be drawn into a high 
speed rotating gas disperser. Improved separation is achieved by 
staged operation, so that a packed tower is desirable. Moreover, 
packing assists in the formation of a stable foam since that is 
difficult to do in an empty tower of several feet in diameter. Larger 
contents of surfactant usually are needed in large towers than in 
laboratory units. In pilot plant work associated with the laboratory 
data of Table 19.8, a tower 2 ft square by 8 ft high was able to treat 
120 gal/hr of feed. The laboratory unit was 1 in. dia, so that the gas 
rate of 154 cm?/min of Table 19.8 corresponds to a superficial gas 
velocity of 1.1 ft/min. 

Most of the work on foam fractionation reported in the 
literature is exploratory and on a laboratory scale. A selected list of 
about 150 topics has been prepared with literature references by 
Okamoto апа Chou (1979). They are grouped into separation of 
metallic ions, anions, colloids, dyes and organic acids, proteins, and 
others. 

Stable foams that leave the fractionator arc condensed for 
further processing or for refluxing. Condensation may be effected 


TABLE 19.3. Properties of Membranes for Reverse Osmosis 


fa) Cellulose Acetate Membranes 








Volumetric NaCl NaCl 

flow rate retention Pressure concentration 
Membrane Manufacturer (1/ mid) (*6) (bar) (9$) 
СА“ 
(Tubing 6 Flat) KALLE 500 — 2500 98,6 — 60 40 0,5 
СА” 
(Flat) DDS*** 350-220 99 — 78 42 0,05 
СА” 
(Tubing) PATERSON 97-50 40 0,5 

CANDY INT. 
CA* 
(..In-situ cast"; 
pipe) АВСОВ 450-900 98—90 42 0,5 
CA* 
(Wound module) Univ. Olt 650 98 70 3,5 
Prop. (GULF) 

СА” 
(Hollow fiber) | MONSANTO 130 94 18 3.5 
СТА?” 
(Hollow fiber) БомСиЕем.Сомр. 50 99,5 70 3,5 
СТА?” 
Ultra-thin Ому. OIL 
wound module PROD. (GULF) 550 99.3 70 3,5 








(А. Walch, Proceedings, Membrane Conference, Lund, Sweden, 1976; Ullmann's Encyclopedia of 
Chemical Technology, Verlag Chemie, Weinheim, 1978, Vol. 16, pp. 515—535). 
* CA: Cellulose-2,5-acetate, ** CTA: Cellulosetriacetate, *** De Danske Sukkerfabriken 
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TABLE 19.3—(continued) 
(b) Other Kinds of Membranes 


Volumetric flow Molecular 
rate/pressure weight 
Membrane Type Migr (ті / тіп «ст?» bar) range Conditions 
Polyelectrolyte UM 05 AMICON 0,005 — 0,08 500 — 10 000 max, 4 bar; 
(compos i te) -UM 10 50°С; pli 4-10 
Polysulfone (asymmetric PM 10 AMICON 0,4 —13 10000 — 30000 max. 4 bar; 
hollow fibers) —PM 30 115°C; pH 0-12 
Mod acrylics (asymmetric XM 50 AMICON 0,6-2,0 50000 – 300000 тах, 2 Баг; 
hollow fibers) — XM 300 70°C; pH 0-12 
Polyelectrolyte PSAC, MILLIPORE 0,18 —0,15 1000 — 40 000 max. 7 bar; 
(conposite) PSDM 50°С; pH 4-10 
Cellulose triacetate(60ym РЕМ GELMAN 0,004 50 000 тах. 80°C; pH 1—10 
Regenerated cellulose BF 50 DowCHuEM.COMP. — 5000 max. 70°C; pH 1 — 12 
(symmetric hollow fibers) 
Cellulose acetate BF 80 DowCurM.COMP. - 30 000 max. 50^C: pH 2—8 
(symmetric hollow fibers) 
Regenerated cellulose 115 SARTORIUS 0,001 —0,1 20000-- 160000 max. 80°C; 
(100 um) pH 1-12 
Cellulose acetate (100 um 117 SARTORIUS 0,001 —0,1 20000-- 160000 тах. 80°C; pH 2-8 
Cellulose nitrate(100 pm) 121 SARTORIUS 0,005 —0,02 10000 — 50 000 max. 80°C; pH 1 — 10 
Zr02/Carbon Ucarsep UNION CARBIDE 0,02 30000 etc. max, 10 bar; 
(asymmetric tuhe bundle) 100°C; pH 1-14 
Polyamide, polyimide BM 10-- BERGHOF 0,004 —0,7 1000 — 50 000 тах. 100°С; 
(asym, composite, hollow) ВМ 500 pH 2-10 
Co-polyacrylonitrile (sym) RHONE-POULENC 0,017 70 000 тах. 2 bar; pH 2-12 
Cellulose acetate 800 — 500 DDS***" 0,01 —0,04 6000 — 60 000 max. 20 — 500 bar; 
(asym) 30—50*C; pH 3-7 
Polysulfone (asym) GR 5,68  DDS**9" 10000 — 20 000 тах. 80°С; pH 0— 14 
Polyacrylonitrile ЕРВ-ОРА  DonR-OLIVER 0,1 20,35 1200 —100 000 тах. 2—4 bar; 
(asym) 70—80°С; pH 1—13 
Cellulose acetate T2/A PCI? - 1000 — 20 000 max, 10—25 bar; 
(asym) -Т5/А 30— 50°C; pH 3-7 
Cellulose derivative T6/B PCI? - 120000 max. 10 bar; 
60°C; pH 2-11 

Cellulose acetate HFA/100 ABCOR 0,005 —0,3 15 000 — 50 000 max. 14— 100 bar; 
(asym) - HFA/300 30—50*C; pH 3-7 
Polyamide (asym) ABCOR 50 000 
Cellulose acetate UF6 KALLE 0,01 —0,1 6000 — 100 000 3— 10 bar; 
(asyn) —UF 100 30—50*C; pH 3-7 
Polyamide (asym) PA 40 KALLE 0,06 — 0,1 40 000 — 100 000 3—6 bar; max. 

— PA 100 70°C; pH 1 — 11 





** BM: Berghof-Membran 
€! PC]: PATERSON CANDY INTERNATIONAL 


by a blast of steam, by contact with a hot surface, by chemical 
antifoaming agents, sonically or ultrasonically, or by contact with a 
high speed rotating disk as appears in the flowsketch, Figure 19.7. 


FROTH FLOTATION 


Finely divided solids or immiscible liquids can be made to adhere to 
gas bubbles and then can be removed from the main liquid. Affinity 
of a solid for an air bubble can be enhanced with surfactants which 
adhere to the surface of the solid and make it nonwetting. The main 
application of froth flotation is to the separation of valuable 
minerals from gangue. Ores of Cu, Zn, Mo, Pb, and Ni are 
among those commercially preconcentrated in this way. Reagent 
requirements of each ore are unique and are established by test. A 


*** DDS: DE DANSKE SUKKERFABRIKEN 


large amount of experience exists, however, and information is 
supplied frecly by reagent manufacturers. Some recipes are given 
with descriptions of flotation processes in books on mineral 
dressing, for example, that of Wills (1985). 

Promoters or collectors give the mineral the water-repellent 
coating that will adhere to an air bubble. Frothers enhance the 
formation and stability of the air bubbles. Other additives are used 
to control the pH, to prevent unwanted substances from floating, or 
to control formation of slimes that may interfere with selectivity. 

Air is most commonly dispersed with mechanical agitation. 
Figure 19.8 illustrates a popular kind of flotation cell in which the 
gas is dispersed and the pulp is circulated with impellers. Such 
vessels have capacities of 300—400 сий. Usually several are 
connected in series as in Figure 19.8(b). The froth is removed from 
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TABLE 19.4. Properties of Membranes for Ultrafiltration 





Polyamide 


Polyurea 


Polyfuran 


Polyether 


Polyhetero- 
aromatics 


Fluoropolymer 


Inorganic 
membranes 


Dynamically 
formed 
membranes 


Vinyl 
polymers 


Membrane 


Aromatic polyamide 
(asym hollow fiber 


B9) 
Copolyamide asym 
hol!ow fiber BIO 


Polyamide hydrazide 
asym wound module 
Polypiperazinamide 
asym ers 


Aromatic polyamide 
ultrathin wound 
modules 


Ethyleneimine, toluylene™ 


diisocyanate NS 100 
ultrathin wound 
module 


Furfuryl alcohol. 
H2504 ; NS 100 
ultra thin 
Polyphenylene oxide 


sulfone (5 um on 
polypropylene tube 


Polysulfone 


Polybenzimidazole 


asym tube 
Polybenzimidazote 


asym hollow fiber 
Polyimide, methoxyl 
10 pm 


Naf оп 

(sulf, 250рт) 
Регтіоп 

(pyridine, 25 ym) 
Glass hollow fiber 
Glass hollow fiber 
Graphite, oxidized 


Zr05/polyacrylic acid 
Polyacrylic acid 


Polyvinylpyrrolidone 
cross linked 75 рт 


Polyvinyl alcohol 
cross lined 29 ym 
Polyvinyl carbonate 
94 ym 

Vinyl! copolymer 

10 ұт 


Volumetric NaCl 


flow rate 
Mfgr (1/ md) 
DUPONT 50 
DUPONT 30 
DUPONT 500 
MONTECATINI 600 
Univ, Ой. Pron. 1700 
NORTH STAR 
Res. INST. 500 


(Univ. Оп. PROD.) 


NORTH STAR 1000 
RES. INST. 
GENERAL ELECTRIC 1500 


RHONE-POULENC 90 
CELANESE 800 


CELANESE 50 


BATTELLE (BRD) 20 


DuPont 3 
RAI- 1 
Res. CORP. 

STANFORD Res. INsT. 15 
SCHOTT & GEN. 
WESTINGHOUSE 50 
(UNION CARBIDE 

Comp.) 

Oak RIDGE 5000 
МАТ. Las. 

Ому. OIL Prob. 2000 
(GULF) 


Univ. Оп, Prop. 0.5 
(GULF) 


PRINCETON 3 
UNIVERSITY 
AEROJET- 3 
GEN. CORP. 


BATTELLE (BRD) 10 


NaCl 
retention Press concen 
(%) (а) (%) 
95 28 0.15 
98,5 56 3.0 
99 70 3,5 
98 80 1 
98,9 70 3.5 
99.6 70 3.5 
99.6 70 3.5 
84 7 0.1 
99 60 3.5 
95 41 0.5 
99.4 70 3.5 
99,7 100 3,5 
85 100 3.5 
98,8 100 3,5 
83 102 1 
98 120 05 
80 4} 0.5 
90 70 0,3 
80 102 0.3 
99 34 0.8 
93 42 0.6 
94 102 3.5 
96 100 0.5 


Stability 


тах. 35:С 
pH 4—1! 


тах. 30 C 
pH 5-9 


chlor- 
resistent 


pH 2-12 


pH 2-12 


max, 52°C 


max.60 С 


(A. Walch, Proceedings, Membrane Conference, Lund, Sweden, 1976; Ullmann's Encyclopedia of Chemical Тесһпоіоду, 
Verlag Chemie, Weinheim, 1978, Vol. 16, pp. 515-535). 
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Figure 19.3. Tubular and plate-and-frame membrane modules for reverse osmosis and ultrafiltration. (a) Construction and flow pattern of a 
single 1 in. dia tube with membrane coating on the inside; in Table 19.4, the *"Ultracor" model has seven tubes in a shell and the “Ѕирегсог” 
has 19 [Koch Membrane Systems (Abcor)]. (b) Assembly of a plate-and-frame ultrafiltration module (Danish Sugar Co.). (c) Flow in a 


plate-and-frame ultrafiltration module. 


each cell as it is formed, but the pulp goes through the battery in 
series. The froth is not highly stable and condenses readily without 
special provisions as it overflows. Since some entrainment of gangue 
occurs, usually it is desirable to reprocess the first froth. The 
flowsketch of Figure 19.9 illustrates such reprocessing. The solids to 
the first stage are ground here to —65 mesh, which normally is fine 
enough to release the mineral, and to —200 mesh in the final stage. 

Total residence time in a bank of cells may range from 4 to 
14 пт. А table of approximate capacities of several makes of 
flotation cells for a pulp with 33% solids of specific gravity - 3 is 
given in the Chemical Engineers’ Handbook (McGraw-Hill, New 
York, 1984, p. 21.49); on an average, ап 8-cell bank with 4-min 
holdup has a capacity of about 1.5 tons solid/(hr) (cuft of cell) and a 
power requirement of about 0.6 HP/(cuft of cell). 

The chief nonmineral application of froth flotation is to the 
removal or oil or grease or fibrous materials from waste waters of 
refineries or food processing plants. Oil droplets, for instance, 
attach themselves to air bubbles which rise to the surface and are 


skimmed off. Coagulant aids and frothers often are desirable. In 
one kind of system, the water is saturated with air under pressure 
and then is pumped into a chamber maintained under a partial 
vacuum. Bubbles form uniformly throughout the mass and carry out 
the impurities. The unit illustrated in Figure 19.10 operates at 9 in. 
mercury vacuum and removes both skimmed and settled sludges. 
Because of the flocculation effect it is able to process waste water at 
an enhanced rate of about 5000 gal/(sqft)(day) instead of the usual 
rate of 800-1000. 

In another application, particles of plastics in waste stream are 
chopped to diameters of 5 mm or less, passed through flotation cells 
containing proprietary surfactants, and removed as an air froth. 


19.3. SUBLIMATION AND FREEZE DRYING 


Sublimation is the transformation of a solid directly into vapor and 
desublimation is the reverse process of condensing the vapor as a 


TABLE 19,5. Specifications of Spiral and Tubular 
Equipment for Reverse Osmosis and 


























Ultrafiltration? 
Module Length | Membrane Area/Module 
i Tubular UF 1" 5 ft. 1.1 sq. ft. 
! (2.5 cm) dia. (1.5 m) (10 m2) 
| Tubular UF 1” 10 ft. 2.2 sq. ft. 
+ (2.5 ст) dia. (3 т) (20 m?) 
i ULTRA-CORP км» | 10 ft. 7.4 sq. ft | 
| .5" (1.27 ст) dia. (3 т) (68 m?) 
| 
| SUPER-COR™ 10 ft. 24 112 
* UF Tubes (3 m) (2.2 m?) 
1 Tubular RO ve" 12 ft. 48 sq. ft. 
| (1.27 ст) да. (8.8 m) (4.4 m2) 
| Spiral UF 2" 12%. | 25 sq. ft. 
і (5 cm) dia. (36 m) | (23 m?) 
| Spiral UF 4" 3 ft. 35-60 sq. ft 
(10 cm) dia. (9 m) (3.2-5.5 m?) 
Spiral UF 8" 109%. 150-250 sq. ft 
‚ (20 ст) dia. Гат) | (13.9-23 m?) 
EN | | : 
| Spiral RO 4^ | зк. | 60 sq. ft. 
' (10 cm) dia. (9m): (5.5 m2) 





? The "Ultracor" model has 7 and the ""Supercor" has 19 
tubes/shell. 
(Koch Membrane Systems, formerly Abcor). 


solid. The tezm pseudosublimation is applied to the recovery of 
solid condensate from the vaporization of a liquid. 

The goal of a commercial sublimation is the separation of a 
valuable material from nonvolatile ones at temperatures low enough 
to avoid thermal degradation. The preservation of cell structure 
(and taste) is a deciding factor in the choice of freeze drying, a 
special instance of sublimation, foods, pharmaceuticals, and medical 
products. 

Only а few solids have vapor pressures near atmospheric at safe 
temperatures, among them CO, UFs, ZrCl,, and about 30 
organics. Ammonium chloride subiimes at 1atm and 350°C with 
decomposition into МН; and НСІ, but these recombine into pure 
МН.С! upon cooling. Iodine has a triple point 113.5°C and 
90.5 Torr; it can be sublimed out of aqueous salt solutions at 
atmospheric pressure because of the entraining effect of vaporized 
water. 

Sublimation pressures down to 0.001 bar are considered 
feasible. At lower pressures and in some instances at higher ones, 
entrainer gas is used, usually air or nitrogen or steam. By such 
means, for instance, salicyclic acid is purified by sublimation at 
150°C with an entrainer of air with sufficient CO, to prevent 
decarboxylation of the acid. At the operating temperature, the 
vapor pressure is only 0.0144 bar. Operating conditions correspond- 
ing to equilibrium in the sublimer appear in Figure 19.1]. 
Equilibrium may be approached in equipment where contact 
between phases is intimate, as in fluidized beds, but in tray types 
percent saturation may be as low as 10%. 

Among substances that are sublimed under vacuum are 
anthranilic acid, hydroxyanthraquinone, naphthalene, and f- 
naphthoi. Pyrogallol and d-camphor distill from the liquid state but 
condense as solids. Several metals are purified by sublimation, for 
instance, magnesium at 600°С and 0.01—0.15 Torr. 

Тһе common carrier gases are air or nitrogen or steam. 
Condensate from a carrier usually is finely divided, snowlike in 
character, which is sometimes undesirable. Substances which are 
sublimed in the presence of a carrier gas include anthracene, 
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anthraquinone, benzoic acid, phthalic anhydride, and the formerly 
mentioned salicylic acid. 

А partial list of substances amenable to sublimation is in Table 
19.9. 


EQUIPMENT 


Тһе process of sublimation is analogous to the drying of solids so 
much the same kind of equipment is usable, including tray dryers 
(Fig. 9.6), rotary tray dryers (Fig. 9.8), drum dryers (Fig. 9.11(b)], 
pneumatic conveying dryers (Fig. 9.12), and fluidized beds (Fig. 
9.13). The last of these requires the subliming material to be 
deposited on an inert carrier which is the fluidized material proper. 

Condensers usually are large air-cooled chambers whose walls 
are kept clear with brushes or scrapers or even swinging weights. 
Scraped or brushed surface crystallizers such as Figure 16.10(a) 
should have some application as condensers. When a large rate of 
entrainer gas is employed, a subsequent collecting chamber will be 
needed. One of the hazards of entrainer sublimation with air is the 
possibility of explosions even of substances that are considered safe 
in their normal states. 


FREEZE DRYING 


Preservation of cell structure, food taste, and avoidance of thermal 
degradation are reasons for the removal of moisture from such 
materials by sublimation. The process is preceded by quick freezing 
which forms small crystals and thus minimum damage to cell walls, 
and is likely to destroy bacteria. Some of the materials that are 
being freeze dried commercially are listed in Table 19.9(b). 

The most advanced technique of quick freezing is by pouring 
the material onto a freezing belt. Before drying, the material is 
granulated or sliced to improve heat and diffusional mass transfer. 
These operations are conducted in cold rooms at about —46?C. 

Sublimation temperatures are in the range of —10 to —40°С 
and corresponding vapor pressures of water are 2.6—0.13 mbar. 
Cabinet tray dryers are the most commonly used type. The trays are 
lifted out of contact with hot surfaces so the heat transfer is entirely 
by radiation. Loading of 2.5 1b/sqft is usual for foodstuffs. Drying 
capacity of shelf-type freeze dryers is 0.1—1.0 kg/(hr)(m? exposed 
surface). Another estimate is 0.5-1.6 Ib/(hr)(sqft). The ice surface 
has been found to recede at the rate of 1 mm/hr. Freeze drying also 
is carried out to a limited extent in vacuum pans, vibrating 
conveyors, and fluidized beds. Condensers operate as low as —70°С. 

Typical lengths of cycles for food stuffs are 5-10hr, for 
bacterial pellets 2-20hr, and for biological fluids 20-50 hr. А 
production unit with capacity of 500L may have 75kW for 
refrigeration and 50 kW for heating. Conditions for the preparation 
of freeze dried coffee are preparation of an extract with 20-25% 
solids, freezing at —25——43?C, sublimation at approx. 200 Torr to a 
final final moisture content of 1-3%, total batch processing time of 
6-8 hrs. 


19.4. PARAMETRIC PUMPING 


A class of operations has been devised in whick the process fluid is 
pumped through a particular kind of packed bed in one direction 
for a while, then in the reverse direction. Each flow direction is at a 
different level of an operating condition such as temperature, 
pressure, or pH to which the transfer process is sensitive. Such а 
periodic and synchronized variation of the flow direction and some 
operating parameter was given the name of parametric pumping by 
Wilhelm (1966). A difference in concentrations of an adsorhable— 
desorbable component, for instance, may develop at the two ends 
of the equipment as the number of cycles progresses. 
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TABLE 19.6. Performance Data of Reverse Osmosis Membrane Modules 


(a) Data of Belfort (1984). 








Water flux Water output Flow channel 
Packing density at 600 psi Salt per unit volume size Ease of 
Module design (ft?/ft}) (gal/ft? day) rejection (gal/f? day) (in.) cleaning 
Tubular 
Brine flow inside 30-50 10 Good 300—500 0.5-1.0 Very good 
tube 
Brine flow out- 10 Good 1400 0.0—0.125* Good 
side tube? 
Spiral wrap? 10 Good 2500 0.1 Fair 
Fiber 
Brine flow inside 5 Fair 5000 0.254 Fair 
fiber“ 
Brine flow out- 5000-2500 1-3 Fair 5000-7500 0.002 Роог 
side fiber 
Flat plate? 10 Good 350 0.01-0.02 Good 
Dynamic membrane* 100 Poor 5000 ~0.25 Good 





(b) Data of Crits [Ind. Water Eng., 20-23 (Dec. 1976—Jan. 1977)] 








Tri-acetate Polyamide Cellulose acetate 
hollow fibers hollow fibers spiral-wound 

Module sizes and flow, 5х 48 in, 4000 gal/ 4х 48 in, 4200 4 in x 21 ft (6), 

gal/day at 400 lb/in? day; 10 x 48 ір, gal/day (1); 8 4200 gal/day; 8 

20,000 gal/day x 48 in, 14,- in x 21 ft (6) 24,- 
000 gal/day (1) 000 gal/day 

Recommended operating 

pressure, lb/in* 400 400 400 
Flux, permeate rate, gal/ 

day/f£ 1.5 2 15-18 
Seals, pressure 2 2 12 
Recommended max 

operating temp, ^F 86 95 85 
Effluent quality 

(guaranteed 96 

rejection) 90 90 90 
pH range 4-7,5 4-11 4-6.5 

0.1 > pH 8.0 

Chlorine tolerance 0.5-1.0 0.25 > pH 8.0 0.5-1.0 
Influent quality 

(relative-—FI*) FI-«4 FI«3 FI<15 
Recommended influent 

quality FI-<3 FI<3 FI<3 
Permeate back pressure 

(static), Ib/in* 75 75 0 
Biological attack 

resistance Resistant Most resistant Least resistant 


Flushing cleaning 
Module casing 


Field membrane 
replacement 


Not effective 
Epoxy-coated steel 


Yes 


Not effective 
FRP 


No (future yes) 


Effective 
Epoxy-coated 
steel and FRP 


Yes 





* Fl = fouling index.” (1) Initial flow. (6) Six modules рег 4200 gal/day. 


A schematic of a batch parametric pumped adsorption process 
is sketched in Figure 19.12(a), whereas Figure 19.12(b) shows the 
synchronized temperature levels and flow directions. At the start, 
the interstices of the bed and the lower reservoir are filled with 
liquid of the initial composition and with the same amount in both. 
The upper reservoir is empty. The bed is kept cold while the liquid 
is displaced from the interstices into the upper reservoir by liquid 
pumped from the lower reservoir. Then the temperature of the bed 
is raised and liquid is pumped down through the bed. Adsorption 


occurs from cold liquid and desorption to the hot liquid. For the 
system of Figure 19.12(c), the separation factor is defined as the 
ratio of concentrations of the aromatic component in the upper and 
lower reservoirs; very substantial values were obtained in this case. 
Data of partial desalination of a solution with an ion exchange resin 
are in Figure 19.12(d), but here the maximum separation ratio is 
only about 10. 

An intermittent—simulated continuous—operation is described 
with Figure 19.13. Feed input and withdrawals of products are 
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Figure 19.4. The spiral wound membrane module for reverse osmosis. (а) Cutaway view of a spiral wound membrane permeator, consisting 
of two membranes sealed at the edges and enclosing a porous structure that serves as a passage for the permeate flow, and with mesh spacers 
outside each membrane for passage of feed solution, then wound into a spiral. А spiral 4 т. dia by 3 ft long has about 60 sqft of membrane 


surface. (b) Detail, showing particularly the sealing of the permeate flow channel. (c) Thickness of membranes and depths of channels for 
flows of permeate and feed solutions. 
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Figure 19.5. The “Регтазер” hollow fiber module for reverse osmosis. (a) Cutaway of a DuPont “Регтазер” hollow 
fiber membrane module for reverse osmosis; a unit 1 ft dia and 7 ft active length contains 15-30 million fibers with a 
surface area of 50,000—80,000 sqft; fibers are 25-250 um outside dia with wall thickness of 5-50 um (DuPont Co.). (b) 
The countercurrent flow pattern of a “Регтазер” module. 
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EXAMPLE 19.2 

Concentration of а Water/Ethanol Mixture by Reverse 

Osmosis 
The pressure required to drive water out of mixtures of various 
concentrations of alcohol against pure water at 30°C is calculated 
from the osmotic equation 


TN [- 0.018Р | 
ае — XPT < (.082(303.2) 


with the results: 


Мо! Fraction 
Wt% Alcohol Alcohol P (atm) 
10 0.0417 59 
50 0.281 456 
90 0.779 2085 
95.5 (azeotrope) 0.8925 3081 
96 0.9038 3234 










900 w 


895.83 w 

106.9 G 100A 
10.796 G 

95.83 w 100 w 
109.6 G 100 А 
52.74% С 


4.17 м 
100 А 


It appears that the pressures needed to make higher than azeotropic 
composition are beyond the strength of available membranes. A 
pressure of 1000 psi (68 atm) is feasible. With this pressure the 
concentrations of solute on the two sides of the membrane are 
related by 


=m. [- 0.018(68) 
1—x, P| ~ 0.082(303.2) 





| = 0.9520 


whence 
ха-1-(1-х,)/0.9520 


As long as the mol fraction of solute on the low pressure side is Кері 
above the value given by this equation, water can be driven from 
the side with mol fraction x, across the membrane. The solute on 
the low pressure side should be one that is easily separated from 
water and any alcohol that may bleed through. Ethylene glycol is 
such a material which also has the advantage of a relatively low 
molecular weight, 62. The required minimum concentrations of 
glycol corresponding to various alcohol concentrations on the high 
pressure side (68 atm) are tabulated. 


Mol Fraction Mol Fraction 
Wt % Alcohol Alcohol Glycol Wt % Glycol 
10 0.0417 >0 >0 
50 0.281 20.2447 252,74 
90 0.779 20.7679 291.93 
96 0.9038 20.8989 —96.84 


The flowsketch shows a feed stream consisting of 100 kg/hr 
alcohol and 900 kg/hr of water, and making a stream with 96% 
alcohol. If pure glycol is charged countercurrently at the rate of 
106.9 kg/hr, the % glycol at the point in the column where the 
alcohol content is 50% will be 52.74%, which is high enough to 
ensure that water can be driven out by a pressure of 68 atm. Beyond 
this point also, the content of glycol will be high enough to ensure 
transfer of water out of the alcohol solution. The aqueous glycol 
will be distilled and recycled. A small increase in its amount will 
permit some water to be present in the recycle stream. 





accomplished with periodic openings and closings of valves without 
shutting down the equipment at any time. Other modes of oper- 
ation also can be devised. 

Theoretical studies also have applied this cycling principle to 
liquid-liquid extraction processes with immobilized solvents, and to 
reversible chemical reactions. Quite comprehensive reviews of the 
literature. of cycling zone separations have been made by Sweed 
(1972), Wankat (1974), Wankat et al., and (1976). 

Although parametric pumping appeared on the academic scene 
in 1966, no commercial installations appear to have been made, at 
least no widely publicized ones. Periodic heating and cooling of 
beds of granules or even of periodic compression and decompres- 
sion of the process gas appear to be serious economic obstacles. 


19.5. SEPARATIONS BY THERMAL DIFFUSION 


Separation of mixtures based on differences in thermal diffusivity at 
present are feasible only for analytical purposes or for production 
on a very small scale of substances not otherwise recovered easily. 
Nevertheless, the topic is of some interest to the process engineer as 
a technique of last resort. 


In a vessel with a temperature gradient between a hot and cold 
surface, a corresponding concentration gradient of a fluid likewise 
can develop. The substance with the smaller molecular volume 
usually concentrates in the high temperature region, but other 
factors including that of molecular shape also affect the relative 
migrations of components of mixtures. Thus, the sequence of 
separation of hydrocarbons from hot to cold regions generally is: 
light normal paraffins, heavy normal paraffins, naphthenes and 
monocyclic aromatics, and bicyclic aromatics. Isotopes with small 
differences in molecular weights were the first substances separated 
by thermal diffusion, but isomers which have identical molecular 
weights also are being separated. 

The basic construction of a horizontal thermal diffusion cell is 
sketched in Figure 19.14(a). When gases are to be separated, the 
distance between the plates can be several mm; for liquids it is a 
fraction of a mm. The separation effects of thermal diffusion and 
convection currents are superimposed in the equipment of Figure 
19.14(b), which is called a thermogravitational or Clusius-Dickel 
column after the inventors in 1938. A commercially available 
column used for analytical purposes is in Figure 19.14(c). Several 
such columns in series are needed for a high degree of separation. 
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Figure 19.6. Gas permeation equipment and performance. (a) Cutaway of a Monsanto "Prism" hollow fiber module for 
gas separation by permeation. (b) Flowsketch of a continuous column membrane gas separator. (c) Composition profiles 
of a mixture of CO, and O, in a column 5 m long operated at total reflux [Thorman and Hwang in (Turbak, Ed.), 
Synthetic Membranes Il, American Chemical Society, Washington DC, 1981, рр. 259-279]. 
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TABLE 19.7. Data of Membranes for Gas Permeation 
Separation 


(a) Permeabilities of Helium, 


Nitrogen, and Methane in 
Several Membranes at 20°С 


P,- 10 [cm?/s bar] 


Membrane He N; CH, 
Silicon rubber 17.25 11.25 44.25 
Polycarbonate 5.03 0.35 0.27 
Teflon FEP 4.65 0.19 0.11 
Natural rubber 2.70 0.78 — 
Polystyrene 2.63 0.17 0.17 
Ethyl cellulose 2.33 0.21 0.83 
Polyvinyl chloride 

(plasticized) 1.05 — 0.15 
Polyethylene 0.75 0.14 — 
Polyvinylfluoride 0.14 0.0014 0.00048 


(b) Separation Factors «дв = ВА/Рь for Three Mixtures 


Membrane He/CH, Не/0, H,/CH, 
Polyacrylonitrile 60 000 — 10000 
Polyethylene 264 35.5 162 
Polytetrafluoroethylene 166 45 68.5 
Regenerated celiulose 400 48 - 
Polyamide 66 214 39 — 
Polystyrene 14.6 5.5 21.2 
Ethylcellulose 48 3.2 6.6 


(c) Examples of Commercial Separations and the Kinds of 
Membranes Used 


Separation process Membrane 


О, from air 
He from natural gas 


Ethylcellulose, silicon rubber 

Teflon FEP, asymmetric 
cellulose acetate 

Polyimide, polyethylene- 
terephthalate, polyamide 6 

Silicon rubber 

Polyethylene terephthalate 


H; from refinery gas 


СО; from air 
NH; from synthesis 


gas 
H2S from natural and Silicon rubber, 
refinery gas polyvinylidene fluoride 


Н, purification Pd/Ag alloys 


[Membranen, in Ullmann's Encyclopedia of Chemical Technology, 
Verlag Chemie, Weinheim, 1978, Vol. 16, p. 515. Many more data are 
collected by Hwang, Choi, and Kammermeyer, Separation Sci. 9(6), 
461-478 (1974)]. 


Clusius and Dickel used a column 36 m long to make 99--% pure 
isotopes of chlorine in HC]. The cascade of Figure 19.15 has a total 
length of 14 m; most of the annular diameter is 25.4 mm, and the 
annular widths range from 0.18 to 0.3 mm. The cascade is used to 
recover the heavy isotope of sulfur in carbon disulfide; a production 
rate of a 90% concentrate of the heavy isotope of 0.3 g/day was 
achieved. 

Separation of the hydrocarbon isomers of Table 19.10(a) was 
accomplished in 48 hr in the column of Figure 19.14(c) with 50°C 
hot wall and 20°С cold wall. The concentration gradient that 
develops in such a column is shown in Figure 19.14(d). The 
equilibrium terminal compositions depend on the overall composi- 
tion, as indicated in Figure 19.14(e). Other kinds of behaviors also 
occur. Thus mixtures of benzene and cyclohexane are not sepa- 


TABLE 19.8. Data of Foam Separation Experiments Made in a 
1in. Dia Column on a Waste Water Containing 
Radioactive Components and Utilizing Severai 





Different Surfactants 
Flow rates (cm?/min) Average 
Foam bubble 
Surf. Foam density, diameter, 
conc. баз, foam, cond, Pr D 
Surfactant (gm/liter) V Q F (еп/Шег) (cm) 
Aerosol AY 6.5 154 176 0.197 1.12 0.06 
Alipal CO-436 0375 154 186 0950 5.10 0.05 
АПра! LO-529 0.4 154 174 0415 2.40 0.06 
Deriphat 170C 0.5 154 60 492 74 0.025 
Igepon CN-42 0.12 154 72 16 24 0,038 
Tergitol 7 2.0 154 202 0763 277 0,05 
Uitrawet SK 0.08 154 173 0.137 0.79 0.10 


(Davis and Haas, in Adsorptive Bubble Separation Techniques 
(Lemlich, Ed.), Academic, New York, 1972, pp. 279-297). 


rated, nor can mixtures of benzenc and octadecane when the latter 
is in excess. 

Examples of separations of isotopes are in Table 19.10(b). The 
concentration of U-235 listed there was accomplished in a cascade 
of 2100 columns, each with an effective height of 14.6 m, inner tube 
5cm dia, рар 0.25 mm, hot surface 87-1439С, and cold surface 
63°C, just above the condensation temperature at the operating 
pressure of 6.7 MPa. Although the process was a technical success, 










FOAM 
BREAKER 


CONDENSED FOAM 


FEED 
REFLUX RECOVERED 
MATERIAL 


SURFACTANT 





RAFF | NATE 


Figure 19.7. Sketch of a foam fractionating column. Surfactants or 
other foaming agents may be introduced with the feed or separately 
at a lower feed point. Packing may be employed to minimize axial 
mixing. 
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Figure 19.8. The interaction of air and pulp in a froth flotation 
cell and a series arrangement of such cells: (a) Sectional 
schematic of flotation cell. Upper portion of rotor draws air 
down the standpipe for thorough mixing with pulp. Lower 
portion of rotor draws pulp upward through rotor. Disperser 
breaks air into minute bubbles. Larger flotation units include 
false bottom to aid pulp flow. (WEMCO Division, Envirotech 
Corp.). (b) А bank of three flotation cells. The floating 
concentrate is withdrawn continuously from each stage but the 
remaining pulp flows in series through the cells. 


it was abandoned in favor of separation by gaseous diffusion which 
had only 0.7% of the energy consumption. 

For separation of hydrocarbons, thermal requirements are 
estimated to range from 70,000 to 350,000 Btu/Ib, compared with 
heats of vaporization of 150 Btu/Ib. 

Although thermal diffusion equipment is simple in construction 
and operation, the thermal requirements are so high that this 
method of separation is useful only for laboratory investigations or 
for recovery of isotopes on a small scale, which is being done 
currently. 


19.6. ELECTROCHEMICAL SYNTHESES 


Electrolysis piays a role in the manufacture of some key inorganic 
chemicals on an industrial scale, but rather a minor one in the 
manufacture of organic chemicals. Chlorine, alkalis, metals, 
hydrogen, oxygen, and strong oxidizing agents such as KMnO,, Е;, 
and Cu,O are made this way. Electroorganic processes of 
commercial or potentially commercial scale are listed in Table 
19.11, which implies that much rescarch is being done in pilot plants 
and may pay off in the near future. In the United States, the four 
large tonnage applications are to the manufacture of adiponitrile, 
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Figure 19.9. Flotation section of a flowsheet for concentra- 
tion of 350 tons/day of a copper ore (data of Pima Mining 
Co., Tucson, AZ). 
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Figure 19.10. Vacuator of the ‘‘constant-level” type. The cylindrical 
tank with a dome-shaped cover is under a constant vacuum of about 
9 in. of mercury. Sewage enters a central draft tube from which it is 
distributed by means of a flared-top section. Floating solids, buoyed 
up by fine air bubbles, are skimmed from the liquid surface and 
carried to a trough. Settled solids are removed from the bottom 
with a scraper mechanism. (Courtesy of Engineering News-Record). 
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Figure 19.11. Sublimation of salicyclic acid at 1 bar. Vapor 
pressures аге 14.4 mbar at 150°С and 0.023 mbar at 40°С. The air 
rate shown corresponds to equilibrium in the sublimer, but in some 
kinds of vessels percent saturation may be as low as 10%. The 
conditions are those of Mullin [Crystallisation, Butterworths, 
London, 288 (1972)]. 


the Nalco process for lead tetraethyl, which is being phased out 
from the gasoline industry, the Miles process for dialdehyde starch, 
which is on standby until the demand picks up, and the 3M 
electrofiuorination process for a variety of products. 

Pros and cons of electrochemical processes are not always clear 
cut. In a few cases, they have lower energy requirements than 
conventional chemical methods but not usually according to the 
survey of Table 19.12. The Monsanto process for adiponitrile by 
electrochemical reduction of acetonitrile is an outstanding example; 
moreover, comparison of the performances of the original and 
improved cells [sketched on Figs. 19.16(е) and (f)] suggests the 
often great leeway in cell design. Small scale electrode processes 
frequently are handicapped because of the expense of developing 


TABLE 19.9. Materials That May Be Purified by 
Sublimation or Are Being Freeze-Dried 


(a) Substances Amenable to Purification by 
Sublimation’ 


Aluminium chloride Naphthalene 
Anthracene B-Naphthol 
Anthranilic acid Phthalic anhydride 
Anthraquinone a-Phthalimide 
Benzanthrone Pyrogallol 

Benzoic acid Salicylic acid 
Calcium Sulphur 

Camphor Terephthalic acid 


Titanium tetrachloride 
Thymol 

Uranium hexafluoride 
Zirconium tetrachloride 


Chromium chloride 
Ferric chloride 
lodine 

Magnesium 


? Some others are mentioned in the text. 


(b) Products which Are Being Freeze-Dried 
Commercially. 





Animal Tissues 


Foodstuffs Pharmaceuticals and Extracts 
Coffee extract Antibiotics Arteries 
Fish and seafood Bacterial cultures Blood 
Fruits Serums Bones 
Fruit juices Virus solutions Hormones 
Meat Skin 
Milk Tumors 
Tea extract 
Vegetables 


efficient components of cells such as electrodes, diaphragms, 
membranes, and electrolytes which usually can be justified only for 
large scale operation. 

In comparison with chemical oxidations and reductions, 
however, electrode reactions are nonpolluting and nonhazardous 
because of low pressure and usually low temperature. Although 
electricity usually is more expensive than thermal energy, it is clean 
and easy to use. Electrolytic processes will become more attractive 
when inexpensive sources of electricity become developed. 


ELECTROCHEMICAL REACTIONS 


An equilibrium electrical potential is associated with a Gibbs energy 
of formation by the equation 


E? = — AG?/23.06n, 


where n is the number of gram equivalents involved in the 
stoichiometric equation of the reaction, AG? is in kcal/g mol, and 
E? is the potential developed by the reaction in volts. Thus, for the 
reaction H,O =H, + 10, at 25°C, 


E? = 54,63/(2)(23.06) = 1.18 V 
and for HCl 3H, + ІСІ, at 25°C, 
Е = 22.78/23.06 = 0.99 V. 


Practically, reactions are not conducted at equilibrium so that 
amounts greater than equilibrium potentials are needed to drive a 
reaction. Major contributions to inefficiency are friction in the 
electrolyte and other elements of a cell and particularly the 
overvoltages at the electrodes. The latter are due to adsorption or 
buildup of electrolysis products such as hydrogen at the electrode 
surfaces. Figure 19.17(a) shows magnitudes of hydrogen overvol- 
tages at several metals and several currents. The several 
contributions to voltage drops in a cell are identified in Figures 
19.17(b) and (c), whereas Figure 19.17(d) indicates schematically 
the potential gradient in a cell comprised of five pairs of electrodes 
in series. 

Electrochemical cells are used to supply electrical energy 
to chemical reactions, or for the reverse process of generating 
electrical energy from chemical reactions. The first of these appli- 
cations is of current economic importance, and the other has signi- 
ficant promise for the near future. 


FUEL CELLS 


A few chemical reactions can be conducted and controlled readily in 
cells for the production of significant amounts of electrical energy at 
high efficiency, notably the oxidations of hydrogen or carbon 
monoxide. Some data of such processes are in Figure 19.18. The 
basic processes that occur in hydrogen/air cells are in Figure 
19.18(a). Equilibrium voltage of such а cell is in excess of 1.0 V at 
moderate temperatures, but under practical conditions this drops off 
rapidly and efficiency may become less than 40%, as Figure 
19.18(b) shows. Theoretical cell potentials for several reactions of 
fuel cell interest are in Figure 19.18(c); in theory at least, the 
oxidations of hydrogen and carbon monoxide are competitive. High 
temperatures may be adopted to speed up the electrode processes, 
but they have adverse effects on the equilibria of these particular 
reactions. Figure 19.18(d) shows the characteristics of major 
electrochemical fuel systems that have been emphasized thus far. 
Most of the development effort has been for use in artificial 
satellites where cost has not been a primary consideration, but 
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Figure 19.12. Batch parametric processing of solid-liquid interactions such as adsorption or ion exchange. The bottom 
reservoir and the bed interstices are filled with the initial concentration before pumping is started. (a) Arrangement of 
adsorbent bed and upper and lower reservoirs for batch separation. (b) Synchronization of temperature levels and 
directions of flow (positive upward). (c) Experimental separation of a toluene and n-heptane liquid mixture with silica gel 
adsorbent using a batch parametric pump. (Reprinted from Wilhelm, 1968, with permission of the American Chemical 
Society). (d) Effect of cycle time т on reservoir concentrations of a closed system for an NaCI- ELO solution with an ion 
retardation resin adsorbent. The column is initially at equilibrium with 0.05M NaCl at 25°С and а = 0.8. The system 
operates at 5° and 55°С. [Sweed and Gregory, AIChE J. 17, 171 (1971)]. 
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Figure 19.13. Parametric cycle operating intermittently in five 
periods; valves that are open each time are identified with their 
flow rates V, and the low and high temperature levels are 
identified with an asterisk in the proper column. 


spinoff to industrial applications has some potential for the near 
future. 


CELLS FOR SYNTHESIS OF CHEMICALS 


Cells in which desired chemical reactions can be conducted and 
controlled are assemblages of pairs of anodes and cathodes between 
which the necessary potential difference is impressed. The regions 
near the electrodes may be separated by porous diaphragms to 
minimize convective mixing of the products formed at the individual 
electrodes. In recent years, semipermeable or ion-exchange 
membranes have been employed as diaphragms. In Figure 19.16(a), 
the membrane allows only Ма” ions to pass so that the caustic that 
is made in the cell is essentially free of NaCl. In the mercury cell of 
Figure 19.16(b), no partition is necessary because the released Na 
dissolves in the mercury; the amalgam is reacted with water in an 
electrically neutral zonc of the cell to make salt-free caustic. 
Because of pollution by escaped mercury, such cells have been 
largely phased out for production of salt-free caustic. 

The same process sometimes can be performed efficiently in 
cells either with or without diaphragms. Figures 19.16(e) and (f) are 
for making adiponitrile by reduction of acetonitrile. In the newer 
design, Figure 19.16(f), the flow rate of the electrolyte is high 


enough to sweep out the generated oxygen quickly enough to 
prevent reverse oxidation of the product. 

Either parallel, called monopolar, or series, called bipolar, 
electrical connections can be made to the pairs of electrodes in a 
complete cell. The monopolar types have individual connections to 
each electrode and thus require only individual pair potential to be 
applied to the cell assembly. The bipolar mode has electrical 
connections only to the terminal electrodes. One design such as 
Figure 19.16(f) has 48 pairs of electrodes in series and requires 
600 V. The equipment of Figure 19.19(a) also bas bipolar con- 
nections. The voltage profile in such equipment is indicated 
schematically in Figure 19.17(d). Bipolar equipment is favored 
because of its compactness and, of course, the simplicity of the 
electrical connections. No adverse comments appear to be made 
about the high voltages needed. 

Although the basic cell design shown schematically in Figures 
19.16(a) and 19.19(d) is effective for many applications when 
dimensions and materials of construction are properly chosen, many 
special designs have been developed and used, of which only a few 
can be described here. For the cracking of heavy hydrocarbons to 
olefins and acetylenes, for instance, the main electrodes may be 
immersed in a slurry of finely divided coke; the current discharges 
from particle to particle generate the unsaturates. Only 100—200 V 
appears to be sufficient. 

The most widely used brine electrolytic cells are the Hooker 
and Diamond Shamrock which are both monopolar, but bipolar 
designs like that of Figure 19.19(a) also are popular. That figure 
does not indicate the presence of a diaphragm but one must be 
used. 

Rotating electrodes characterize the BASF cell of Figure 
19.19(b), which is used for making adiponitrile. The cell described 
in the literature has 100 pairs of electrodes 40 cm dia spaced 0.2 mm 
apart. The rapid flow rate eliminates the need for diaphragms by 
sweeping out the oxygen as it is formed. 

Lead alkyls are made by the action of Grignard reagents on 
lead anodes in the equipment of Figure 19.19(c). Lead pellets serve 
as the anode and are replenished as they are consumed. Several 
tubes 5 cm dia are housed in a single shell for temperature control 
and as required for capacity. 

The simplest kind of cell construction, shown in Figure 
19.19(d), suffices for the production of hydrogen by electrolysis of 
water and for the recovery of chlorine from waste НСІ. Тһе term 
filter-press cell is applied to this kind of equipment because of the 
layered construction. These two electrolyses are economically 
feasible under some conditions. Some details аге given by Hine 
(1985). 

It has been mentioned already that only a few inorganic and 
organic electrochemical processes have made it to commercial scale, 
but the potential may be there and should not be ignored. Recent 
surveys of the field and of the literature have been made by Hine 
(1985), Pletcher (1982), and Roberts et al. (1982). 


19.7. FERMENTATION PROCESSING 


Industrial fermentation is any process involving microorganisms that 
results in useful products. Among tbe useful microorganisms are 
molds, yeasts, algae, and bacteria. They are distinguished from 
plants and animals by being made of cells of only one kind. 
Although some kinds are grown as food, yeast or algac, for 
instance, the main interest here is in chemical manufacture with 
their assistance. This they accomplish by creating enzymes which 
catalyze specific reactions. In many respects biochemical processing 
is like ordinary chemical processing. The recovery and purification 
of biochemical products, however, often is a more demanding task 
and offers opportunities for the exercise of ingenuity and the 
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Figure 19.14. Construction and performance of thermal diffusion columns. (а) Basic construction of a thermal diffusion cell. (b) Action in а 
thermogravitationai column. (c) А commercial column with 10 takeoff points at біп. intervals; the mean dia of the annulus is 16 mm, width 
0.3mm, volume 22.5 mL (Jones and Brown, 1960). (d) Concentration gradients in the separation of cis and trans isomers of 
1,2-dimethylcyclohexane (Jones and Brown, 1960). (e) Terminal compositions as a function of charge composition of mixtures of cetane and 
cumene; time 48 hr, 50°С hot wall, 29°С cold wall (Jones and Brown, 1960). 


application of techniques that are exotic from the point of view of 
conventional processing. А distinction also is drawn between 
processes that involve whole cells and those that utilize their 
metabolic products, enzymes, as catalysts for further processing. A 


brief glossary cf biochemical terms is in Table 19.13. 
Major characteristics of microbial processes are: 


a. Тһе reaction medium is aqueous. 


b. The products are made in low concentration, rarely more than 


5-10% for chemicals and much less for enzyme recovery. 


€. Reaction temperatures with microorganisms or isolated enzymes 


are low, usually іп the range of 10-60°С, but the optimum 
spread in individual cases may be 5°С or less. 


d. With only a few exceptions, such as potable ethanol or glucose 


isomerate, the scale of commercial processes is modest, and for 
enzymes it is measured only in kilograms per day. 


e. Batch processing is used preponderantly, but so many conditions 


must be regulated carefully that computer control is common. 


Because of the small scale of enzyme production, laboratory 
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Figure 19.15. Тһе liquid thermal diffusion system for the recovery 
of heavy sulfur isotope in carbon disulfide. The conditions 
prevailing at the time after 90% 245 is reached. Each rectangle in 
the cascades represents a column, each height being proportional to 
the length of the column. The two cascades have a combined height 
of 14m, annular dia 25.4 mm, and annular width 0.18-0.3 mm. 
Production rate of 90% concentrate of 34$ was 0.3g/day [W.M. 
Rutherford, Ind. Eng. Chem. Proc. Des. Dev. 17, 17-81 (1978)]. 


types of separation and purification operations are often feasible, 
including: dialysis to remove salts and some low molecular weight 
substances, ion exchange to remove heavy metals, ultrafiltration 
with pore sizes under 0.5 um and pressures of 1-10 atm to remove 
substances with molecular weights in the range of 15,000—1 million, 
reverse osmosis to remove water and to concentrate low molecular 
weight products, and gel permeation chromatography to fractionate 
a range of high molecular weight substances. Conventional 
processes of filtration and centrifugation, of drying by freezing or 
vacuum or spraying, and colloid milling also are used for processing 
enzymes. 


PROCESSING 


The three main kinds of fermentation processes are: 


а. Growth of microorganisms such as bacteria, fungi, yeasts and 
others as end products. 

b. Recovery of enzymes from cell metabolism, either intracellularly 
or as secretions, mostly the latter. 

с. Production of relatively low molecular weight substances by 
enzyme catalysis, either with isolated enzymes or with the whole 
cell. 


Some industrial products are listed in Table 19.14. Chemical and 
fermentation syntheses sometimes are competitive, for instance, of 
ethanol, acctone, and butanol. 


Enzymes are proteins with molecular weights in the range of 
15,000-1,000,000 or so. Іп 1968, for instance, about 1300 were 
known, but only a few are of industrial significance. They are 
named after the kinds of reactions that they promote rather than to 
identify the structure which often is still unknown. Some kinds of 
enzymes are: 


Amylase, which converts polysaccharides (starch or cellulose) to 
sugars. 


Cellulase, which digests cellulose. 

Glucose oxidase, which converts glucose to dextrose and levulose. 
Isomerase, which converts glucose to fructose. 

Lipase, which splits fats to glycerine and fatty acids. 

Protease, which breaks down proteins into simpler structures. 


Biochemical manufacturing processes consist of the familiar 
steps of feed preparation, reaction, separation, and purification. 
The classic mode handles the microorganisms in slurry form in a 
stirred reactor. Enzyme-catalyzed processes also are performed 
primarily in stirred tanks, but when the enzymes can be suitably 
immobilized, that is, attached to solid structures, other kinds of 
reactor configurations may be preferred. Microbes also are grown in 
pans or rotating drums under moistened conditions, processes 
known as solid culture processing. Figure 19.20(a) shows the three 
modes of microbe culture. Processes that demand extensive 
handling of moist solids are practiced only on a small scale or when 
stirred tank action is harmful to cell structures. The process of 
Figure 19.20(b) consists largely of feed preparation steps. 


OPERATING CONDITIONS 


The optimum ranges of conditions for microbe growth or enzyme 
activity are quite narrow and must be controlled closely. 


Concentration. А major characteristic of microbial growth and 
enzymatic conversion processes is low concentrations. The rates of 
these processes are inhibited by even moderate concentrations of 
most low molecular weight organic substances, even 1g/L often 
being harmful. Nutrients also must be limited, for instance, the 
following in g/L: 


Ammonia 5 
Phosphates 10 
Nitrates 5 
Ethanol 100 
Glucose 100 


In the fermentation for ethanol, the concentration limit normally is 
about 8 wt % ethanol, but newer processes have been claimed to 
function at 10% or so. The search is on for microorganisms, or for 
creating them, that tolerate high concentrations of reaction products 
and higher temperatures. 


Temperature. Most microbe metabolisms and enzymatic 
processes function well only in the range of 10-60°C, but in 
particular cases the active spread of temperatures is only 5-10%С. А 
classification of microorganisms that is sometimes made is with 
respect to peak activitics near 15°С or near 35°С or near 55°С. The 
maximum heat effects of metabolic processes can be estimated from 
heats of formation when the principal chemical participants are 
known, for instance: 


glucose— ethanol, heat of reaction 0.10 kcal/g glucose, 


glucose СО, + H;O, heat of reaction 3.74 kcal/g glucose. 
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TABLE 19.10. Examples of Separations by Thermal Diffusion 
(а) Hydrocarbon Isomers 





Final 
composition, 
vol. % 
Vol. Mol. — Separa- 
Components % wt. Density Тор Bottom tion, % 

n-Heptane 50 100 0.6837 95 91 75.4 
Triptane 50 100 0.6900 5 90 ] ` 
Isoöctane 50 114 0.6919 58 40 \ 
n-Octane 50 114 0.799 42 oo j 1-4 
2-Methylnaphthalene 50 142 0.9905 555 42.5 } DA 
1-Methylnaphthalene 50 142 1.0163 44.5 57.5 ` 
trans-1,2-Dimethylcyclo- 

hexane 40 112 0.7756 100 0 | 100 
cis-1,2-Dimethylcyclo- 

hexane 60 112 0.7963 0 100 
£-Xylene 50 106 0.8600 92 0 ) 92 
o-X ylene* 50 106 0.8799 8 100 
m-X ylene 50 106 0.8639 100 19 ) 80 
o-X ylene^ 50 106 0.8799 0 81 
p-Xylene 50 106 0.8609 50 50 | 0 
т-Хуепе 50 106 0.8639 50 50 ) 


(A. L. Jones апа С. В. Brown, in Advances in Petroleum Chemistry and Refining 
(McKetta and Kobe, Eds.), Wiley, New York, 1960, Vol. IIl, pp. 43-76). 


? g-Xylene contains paraffinic impurity (see Fig. 9 in McKetta and Kobe). 


{b} isotopes 


z Single 

Working Isotope mol 2 column (S) 

fluid separated product Phase or cascade (C) Investigator Year 

НСІ 3561 99.6 Gas S Clusius and Dickel 1939 
сү 99.4 

Kr мұ, 98.2 Gas S Clusius and Dickel 1941 
kr 99.5 

о, по 0.5 Gas C Clusius and Dickel 1944 
о 99.5 

UFg 2351) 0.86 Liquid С Manhattan Dist. 1945 

М» ISN 99.8 Gas 5 Clusius & Dickel 1950 

Xe уе 1 Саз C Clusius et al. 1956 
Ixe 99 

He 3 He 10 Gas C Bowring and Davies 1958 

A 36A 99.8 Gas с ORNL? 1961 
334 23.2 * 

Ме 2 Че 99.99 Саз C ORNL 1961 
22Ne 99.99 

Kr тұ, 10 Gas C ORNL 1961 
Kr 96.1 

Нез эңе 99 Саз с Mound Lab.* 1962 

Ne 2 Ме 33.9 Gas C ORNL 1963 

CH, Be 90 Gas C Mound Lab. 1963 

Xe AK 4.4 Gas с ORNL 1964 


t Oak Ridge National Laboratory, U.S. AEC, Oak Ridge, Tennessee. 

ў Mound Laboratory, U.S. AEC, Miamisburg, Ohio. 3 

§ Feed not of normal abundance, contained 1 percent "Не from nuclear reaction. 
(Benedict et al., 1981). 
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TABLE 19.11. Electroorganic Synthesis Processes Now Applied Commercially or Past the Pilot Plant Stage 











Product? Raw Material? Company (country) Scale Type of Process 
Commercialized 
Adiponitrile Acrylonitrile Monsanto (US) 108 kg/yr Reductive coupling 
Monsanto (UK) 108 kg/yr 
Asahi (Japan) 2 x 107 kg/yr 
p-Aminophenol Nitrobenzene (Japan) Not available Reductive rearrangement 
Holliday (UK) Not available 
Anthraquinone Anthracene Holliday (UK) Not available Indirect oxidation 
2,5-Dimethoxydihydrofuran Furan (Japan) Not available Oxidative addition 
BASF (West Germany) Not available 
Fluorinated Organics Hydrocarbons, Dia Nippon (Japan) Not available Anodic substitution 
aliphatic carboxylic acids, ЗМ (US)? Not available 
sulfonic acids, amines, etc. 
Gluconic Acid Glucose (India) 3х 105 ke/yr Oxidation of functional group 
Glyoxylic Acid Oxalic acid (Japan) Not available Reduction of functional group 
Hexahydrocarbazole Tetrahydrocarbazole BASF (West Germany) Not available Reduction 
Piperidine Pyridine Robinson Bros. (UK) 1.2 x 105 kg/yr Reduction 
Succinic Acid Maleic acid (India) 6 x 104 kg/yr Reduction 
Hexadecanedioic Acid Monomethylazelate Soda Aromatic Co. (Japan) Not available Crum Brown-Walker® 
Tetraethyl Lead Ethylmagnesium halide Nalco (US) Not available Anodic 
Propylene Oxide Propylene BASF (West Germany) Past pilot-plant Paired synthesis 
others in UK and West Germany Past pilot-plant 
4,4'-bis-Pyridinium Salts Pyridinium salts (Japan) Past pilot-plant Paired synthesis 
Salicylaldehy de Salicylic acid (India) Past pilot-plant Reduction of functional group 
Sebacid Acid Diesters Adipic acid half esters BASF (West Germany) Past pilot-plant Crum Brown-Walker® 
(Japan) Past pilot-plant 
(USSR) Commercial? 
Benzaldehyde Toluene (India) Past pilot-plant Indirect oxidation [Mn(IID] 
Dihydrophthalic Acid Phthalic acid ВАЗЕ (West Germany) Commercial? Reduction 
Hydroquinone or Quinone Benzene Several Past pilot-plant Paired synthesis or anodic 
oxidation + chemical reduction 
Maltol Furfuryl alcohol Otsuka (Japan) Past pilot-plant Oxidation 
Pinacol Acetone (Japan) Past pilot-plant Reductive coupling 


BASF (West Germany) 


IS 


" Formulas are given in Appendix А. 


? Added by author. 
* Oxidative coupling. 


ІМ. M. Baizer, J. Appl. Electrochem. 10, 285 (1980)]. 


Some of the energy is used to form the cell structure. Reactions 
catalyzed by enzymes may be either endo- or exothermic depending 
on the particular stoichiometry. Because of the diluteness of the 
solutions normally handled, temperature control is achieved readily. 
Stirred fermenters are provided with cooling jackets. Internal 
cooling oils are undesirable because of the difficulty of cleaning 
them. Fixed beds of immobilized enzymes do not lend themselves 
readily to jacket cooling, but in many instances the heat effect is so 
low that the temperature travel can be maintained within the 
required limits by adjustment of the feed temperature. Multitubular 
reactors with cooling medium on the shell side may be practical with 
enzymes immobilized on granules. 


Sterilization. This is necessary to prevent the growth of foreign 
microorganisms. Air is sterilized adequately by the heat of 


compression. Filters at the inlet remove oil and any microbes that 
may be present, and filters at the air outlet prevent backfiow of 
foreign microorganisms. The inoculum is prepared under sterile 
conditions in the laboratory. The substrate is sterilized in an 
external vessel by holding it at 120°С or so for 1 hr or so. 


Aeration. Since metabolism of microorganisms is an oxidative 
process, the substrate should be kept as nearly saturated as 
possible. At usual fermenter operating conditions the solubility of 
oxygen is about 0.03 mmol/L. When the content falls to 
0.01 mmol/L, the growth rate falls to about one-half the maximum. 
Compressed air is introduced through spargers. Dispersion with 
high-specd agitators rarely is feasible because of possible 
mechanical destruction of cells. In some sensitive systems, all of the 
necessary agitation may be provided with an adequate air flow. 
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TABLE 19.12. Comparative Energy Requirements of Electrochemical and 
Chemical Processes 


kcal/kg 
Chemical Electrochemical? Chemical 
Adiponitrile b 43,177 (10,520)* 65,808 с 
Aniline 
Nitrobenzene route b 36,172 13,919 
Phenol route b - 16,736 Е 
Sorbitol 9,649 958 
Terephthalic Acid 17,382 700 
Phenol b 35,592 12,251 с 
Methyl Ethyl Ketone 6,187 6,690 
3,233 с 
Melamine b 30,159 15,472 
Hydroquinone b 52,739 30,814 
Dichloroethane 
НСІ route b 17,773 6,131 
Сіз route b S 14,819 c 


“Electrochemical energy adjusted for generating plant efficiency. 
Improved Monsanto process. 
^Energy charged is for hydrocarbon raw materials (different compounds); other 
compounds begin with the same raw materials. 


“Chemical route energy given by Rudd et al.; others estimated by Beck et al. 


T. Beck et al., 
Electrochemical Technology Corp., 1979. 


Agitation. Тһе purpose of agitation is to keep the microorgan- 
isms in suspension, to maintain uniformity to eliminate concentra- 
tion gradients and hot spots, and to improve heat transfer to the 
cooling jacket. Rules for the design of agitation systems are covered 
in Chapter 10. In vessels of a 1000 gal or more, a power input of 
about 10 HP/1000 gal and impeller tip speeds of 15-20 ft/sec are 
adequate, but the standard fermenter described in Table 19.15 is 
supplied with about four times this power. 


pH. Biochemical processes are highly sensitive to hydrogen-ion 
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(a) 


A Survey of Organic Electrolytic Processes, ANL/OEPM 79-5, 


concentration. Most enzymes function best in the range of pH from 
5 to 7, but some extremes are pepsin at pH of 1.5 and araginase at 
pH of 10. For classes of microorganisms, these ranges are common: 
Complex cells 6.5-7.5 
Bacteria 4- 
Molds 3- 
Yeasts 3- 


© ч боом 


Control of pH is accomplished by additions of dilute acid or alkali. 











316У 099у 


DENUDER 


DECOMPOSER 
(NaOH sol'n) 










AMALGAM CELL 
(NaCl sol'n) 





(b) 


Figure 19.16. Basic designs of electrolytic cells. (a) Basic type of two-compartment cell used when mixing of anolyte and catholyte is to 
be minimized; the partition may be a porous diaphragm or an ion exchange membrane that allows only selected ions to pass. (b) 
Mercury celi for brine electrolysis. The released Na dissolves in the Hg and is withdrawn to another zone where it forms salt-free NaOH 
with water. (c) Monopolar electrical connections; each cell is connected separately to the power supply so they are in parallel at low 
voltage. (d) Bipolar electrical connections; 50 or more cells may be series and may require supply at several hundred volts. (e) 
Bipolar-connected cells for the Monsanto adiponitrile process. Spacings between electrodes and membrane аге 0.8-3.2 mm. (f) New 
type of cell for the Monsanto adiponitrile process, without partitions; the stack consists of 50—200 steel plates with 0.0-0.2 mm coating 


of Cd. Electrolyte velocity of 1-2 m/sec sweeps out generated O;. 
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Figure 19.16—(continued) 


Ion Concentration. Heavy metals, particularly calcium, inhibit 
enzyme activity. The only feasible method of removing them is with 
ion exchange resins. 


Foam Control. Fermentations tend to froth because metabo- 
lites have surfactant properties. Prevention commonly is by addition 
of antifoam agents such as oils, heavy alcohols, fatty acids, or 
silicones. High-speed rotating impellers destroy bubbles by direct 
impact and by throwing them against the wall of the vessel. 
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REACTORS 


Stirred tanks are the chief kind of reactors for handling micro- 
organisms or dissolved isolated enzymes, either as batch units or as 
continuous stirred tank batteries. When the enzymes are immo- 
bilized, a variety of reactor configurations is possible and contin- 
uous operation is easily implemented. The immobilization may 
be on granules or on sheets, and has the further advantage of 
making the enzymes reusable since recovery of dissolved enzymes 
rarely is feasible. 

















(amp ст ^) 
Metal 0 0.01 0.10 Amalgam cell Diaphragm cell 
at 100 A/dm? 125 A/dm? 

Platinized Platinum 0.005 0.035 0.055 / 2! 25 A/dm 
Gold 0.02 0.56 0.77 Decomposition voltage 3.16 V 2.17 V 
Iron 0.08 0.56 0.82 

; Anode overvoltage, DSA 0.20 V 0.03 V 
Smooth Platinum 0.09 --- 0.39 
Silver 0.15 0.76 0.90 Cathode overvoltage 0.05 V 0.30 V 
Nickel 0.21 0.65 0.89 Solution IR, including bubble effects 0.44 V 0.35 V 
Copper 0.23 0.58 0.82 Diaphragm 0.60 V 
Lead 0.64 1.09 1.20 Metal hardware 0.05 V 0.20 V 
Zinc 0.70 0.75 1.06 
Mercury 0.78 1.10 1.18 (Sum) Terminal voltage 3.91 V 3.65 V 

TEERMUUEERMMEM—-—EII C e —————————————————— oaÓ—M o 
(a) (b) (continued) 


Figure 19.17. Overvoltage and distribution of voltage drops in cells (Hine, 1985). (a) Overvoltage of hydrogen on some metals. (b) Voltage 
distribution in two kinds of cells for electrolysis of brine. (c) Variation of voltage distribution with current density in the electrolysis of НСІ. 
(d) Schematic of voltage profile in a bipolar cell with five pairs of electrodes. 
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Figure 19.17—{continued) 
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2C-«0,—2CÓ 071 075 O82 093 10 115 
2CO+0,-+2CO, 1.3 130 123 lì} 100 0458 
2H,*0,—2H,0 123 118 112 105 097 0.90 
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300 


Figure 19.18. Data of electrochemical fuel cells. (a) Processes in a fuel cell based on the reaction between hydrogen and oxygen. (b) 
Voitage-current characteristic of a hydrogen-air fuel cell operating at 125°C with phosphoric acid electrolyte [Adihart, in Energy 
Technology Handbook (Considine, Ed.), 1977, p. 4.61). (c) Theoretical voltages of fuel cell reactions over a range of temperatures. (d) 
Major electrochemical systems for fuel cells (Adlhart, in Considine, loc. cit., 1977, p. 4.62). 
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Operating Reactants 
Current temperature, Electrode 
Electrolyte transport “С catalyst Fue} Oxidant State of development 
Aqueous potassium oH- 20-90 Nickel, Hydrogen, Oxygen, Multikilowatt systems 
hydroxide (KOH) silver, hydrazine scrubbed developed by several 
platinum air, ЊО manufacturers. 
metals 
Aqueous sulfuric acid н 10-80 Tungstea impure Air Long life demonstrated 
(ISO) carbide, hydrogen® in laborstory cells. 
platin 
metals, 
carbon 
Concentrated м 70-175 Platinum Impure Air Multikilowatt system 
phosphoric acid metals hydrogen” developed and larger 
(H,PO,) systems in development. 
Long life has been 
demonstrated. 
Fused alkali со, 600-800 Nickel, Impure Air Several months’ life for 
e silver hydrogen? small cells 
demonstrated. 
Stabilized zirconium o~ 700-1000 Bese metal Impure Air 10,000 hours’ life 
ozide oxides hydrogen? demonstrated in single 
cells. Multikilowatt 
systems in design. 
Figure 19.18—(continued) 


Many aspects of the design of biochemical reactors are like 
those of ordinary chemical reactors. The information needed for 
design are the kinetic data and the dependence of enzyme activity 
on time and temperature. Many such data are available in the 
literature, but usually a plant design 15 based on laboratory data 
obtained with small fermenters. Standard sizes of such units range 
from 50 to 1000 L capacity. 
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(a) 


A sketch of a plant size fermenter and some of its auxiliaries 
is in Figure 19.21. Although not shown here, a bottom drive 
mechanical agitator usually is provided. The standard specification, 
Table 19.15, of one make of commercial fermenter includes a listing 
of the many openings that are required, as well as other general 
information. 
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Figure 19.19. Some special designs of electrolytic cells. (a) Glanor bipolar diaphragm-type cell assembly for chlor-alkali production (PPG 
Industries). (b) BASF capillary gap cell has 100 pairs of graphite plates with gaps of 0.2 mm used for adiponitrile synthesis; anodes are 
electroplated with lead dioxide [Beck and Guthke, Chem. Ing. Tech. 41, 943 (1969)). (c) Principle of the shell-and-tube reactor for 
electrolytic oxidation of Grignard reagents to lead alkyls. Lead shot serves as consumable anode which is replenished continuously. 
Individual tubes are 5 cm dia by 75 cm long [Danly, Encycl. Chem. Technol. 8, 702 (1979)]. (d) Simple cells of the type used for electrolysis 


of HCI and water; voltage breakdown is shown in Figure 19.16(c). 


Lead shot Grignard reagent in 


ether medium 


1 -- Bed of lead 


--- 


~~ Coolant 
Cooling |. 
jacket 


One tube | | 
cell as ШЕ h 


| 
| 
M 
| 
|] i 


























L 


. Coolant 






































Spacer 























| PbR, in ether 
(c) 


Figure 19.19—(continued) 


TABLE 19.13. A Biochemical Glossary 


Microorganisms (microbes) are living cells, single or in multiples of 
the same kind, including bacteria, yeasts, fungi, molds, algae and 
protozoa. Their metabolic products may be of simple or complex 
structure 

Fermentation is a metabolic process whereby microorganisms 
grow in the presence of nutrients and oxygen, sometimes in the 
absence of oxygen. The terms used are aerobic (in the presence of 
oxygen) and anaerobic (in the absence of oxygen) 

Substrate consists of the nutrients on which a microorganism 
subsists or the cnemicals upon which an enzyme acts 

Enzymes are made by living cells, and are proteins with molecular 
weights ranging from about 15,000 to 1,000,000. They are able to 
catalyze specific reactions 

Enzymes, immobilized, are attached to a solid support by 
adsorption or chemical binding or mechanical entrapment in the pores 
of a gel structure, yet retain most of their catalytic powers 

-ase is a suffix identifying that the substance is an enzyme. The 
main part of the name describes the nature of the chemical reaction that 
can be catalyzed, as in cellulase, an enzyme that catalyzes the 
Gecomposition of cellulose 


shot as anode 
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TABLE 19.14. Industrial Products of Microbial and Related 
Processes 


A. Significant or marginal products 

Acetic acid 

Amino acids 

Butyric acid 

Citric acid 

Ethanol 

Fructose from glucose 

Glucose from starch 

Gluconic acid 

Methane 

Nucleotides (glutamic acid, guanyl acid, xanthyliic acid) 
B. Products under development or absolesced from microbial synthesis 

Acids: fumaric, lactic, malic, oxalic and some others 

Acetone 

Butanol 

Butanediol 

Glycerine 

Lipids 

Polyalcohols and other substances 

C. Enzymes (extensive lists with properties and industrial suppliers are 
in the book by Godfrey and Reichelt, 1983). 

D. Antibiotics (Lists with major characteristics, sources and 
manufacturing methods are in, for example, the book of Bailey and 
Ollis, Biochemical Engineering Fundamentals, McGraw-Hill, New 
York, 1985). 
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(b) 


Figure 19.20. Flowsketches of two processes employing fermentation. (a) Process for enzyme production, showing 
the use of growing trays, growing drums and stirred tank. Purification steps are the same for all three modes of 
culture growth. (b) Production of methane-rich gas by anaerobic digestion of finely divided waste solids in a 
10-20% slurry. Residence time in the digester is five days [D. M. Considine (Ed.), Energy Technology Handbook, 
McGraw-Hill, New York, 1977]. 
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Figure 19.21. Sketch of a fermenter with its auxiliary equipment. In most cases 
supplemental agitation by mechanical stirrers is common (A.J.C. Olsen, Chem. Ind., 416 
(1960)]. 
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TABLE 19.15. Standard Specifications of a Fermenter 





1. Surfaces in contact with culture are 316 SS, all others 304 SS; 
free of crevices, mechanically ground and polished to approx 220 grit 
2. Approx proportions: height/diameter — 2, impeller/vessel 

diameter = 0.35, baffle width/vessel diameter = 0.1 
3. Maximum working volume = 75-80%, minimum = 25% 
4. Ports and penetrations are 20 in number, namely 
. Steam-sterilizable inoculation/addition port 
. Combination viewing window/filling port on headplate 
. Light entrance window and lamp on headplate 
. Air inlet line 
. Air exhaust line 
. Well for temperature contro! sensor and temperature recorder 
sensor 
. Well for thermometer 
. Water inlet line to jacket of vessel 
Water outlet line from jacket of vessel 
Rupture disc on headplate and pressure relief valve on jacket 
. Diaphragm-type pressure gauge 
Steam-sterilizable sample port 
. Steam-sterilizable bottom drain port, discharge valve is 
flush-bottom 


mmooum»r» 


=гхе-то 


. Side-entry port for pH electrode 
. Top-entering or side-entering (size-dependent) port for 
installation of the dissolved oxygen electrode 
Top-entering port for foam sensor 
. Side-entering ports for acid, base, and antifoam addition 
(valved and piped as required) 
R. Spare penetrations on headplate for insertion of additional 
sensors i.e., 1 1/8 in. МРТ, 1 3/8 in. МРТ, 1 3/4 т. NPT 
5. Foam breaking: Injection port provided for chemical breaking; 
mechanical breaker optional, consists of a double disk rotated at high 
speed with its own drive 
6. Agitation system has three six-bladed turbine impellers 
adjustable along the shaft, maximum tip speed of 1200 ft/min, standard 
drive of 40 HP for a 5000-L vessel, bottom drive standard, top drive 
optional 
7. Controls and monitors: liquid level, pH, dissolved oxygen, 
reduction—oxidation (Redox) potential, air rate, temperature, optional 
automatic sterilization cycle control, rupture disk on vessel, relief valve 
on jacket 


oz 


от 





(New Brunswick Scientific Co.). 
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COSTS OF INDIVIDUAL EQUIPMENT 


The choice of appropriate equipment often is influenced by 
considerations of price. А lower efficiency or a shorter life may be 
compensated for by a lower price. Funds may be low at the time of 
purchase and expected to be more abundant later, or the economic 
life of the process is expected to be limited. Alternate kinds of 
equipment for the same service may need to be considered: 
water-cooled exchangers vs. air coolers, concrete cooling towers vs. 
redwood, filters vs. centrifuges, pneumatic conveyors vs. screw or 
bucket elevators, and so on. 

Tn this chapter, the prices of classes of the most frequently used 
equipment are collected in the form of correlating equations. The 
prices are given in terms of appropriate key characteristics of the 
equipment, such as sqft, gpm, Ib/hr, etc. Factors for materials of 


construction and performance characteristics other than the basic 
ones also are provided. Although graphs are easily read and can 
bring out clearly desirable comparisons between related types of 
equipment, algebraic representation has been adopted here. 
Equations are capable of consistent reading, particularly in 
comparison with interpolation on logarithmic scales, and are 
amenable to incorporation in computer programs. 

Unless otherwise indicated, the unit price is $1000, $K. Except 
where indicated, notably for fired heaters, refrigeration systems, 
and cooling towers (which are installed prices), the prices are 
purchase prices, FOB, with delivery charges extra. In the United 
States delivery charges are of the order of 5% of the purchase price, 
but, of course, dependent on the unit value, as cost per !b or per 





EXAMPLE 20.1 

Installed Cost of a Distillation Tower 
Shell and trays are made of AISI 304 stainless steel. Dimensional 
data are: 


D = 4ft, 
L = 120ft, 
N — 58 sieve trays, 
wall thickness ¢, = 0.50 in. for pressure, 
t, = 0.75 in. at the bottom, 
flanged and dished heads weigh 325 ib each, 
weight W = (л/4)(16)(120(0.5/12)(501} + 2(325) = 32,129 Ib 
С, = exp[7.123 + 0.1478( 10.38) + 0.02488(10.38)? 
+ 0.0158(120/4) 1n(0.75/0.50)] 
= 101,726 
hi7, 
№ = 1.189 + 0.0577(4) = 1.420, 





ЕХАМРЕЕ 20.2 
Purchased and Installed Prices of Some Equipment 

а. А box type fired heater with CrMo tubes for pyrolysis at 
1500 psig with a duty of 40 million Btu/hr. From Item No. 10 
(Table 20.1), the installed price is 

Cinstatied = 33.8(1.0--0.10--0.15)(40)0:56 
= 1008.32 K$, $1,008,320. 

b. A 225 HP-reciprocating compressor with motor drive and belt 
drive coupling. Items Nos. 2 апа 13 (Table 20.1). Тһе 
installation factor is 1.3. 

compressor С = 5960(225)9 5! = 162,210, 

motor, 1800 rpm, TEFC, C = 1.2 
х exp[4. 5347 + 0.57065(5.42) + 0.04069(5.42)?] 
= $8113, 
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р = 0.85, 
А=1, 
C, = 375.8 exp[0.1739(4)] = 753.4, 
C, = 204.9(4) 99? (12095916 = 22,879, 
purchase price C = 1.7(101,726) + 58(1.42)(0.85)(753.4) 
+ 22,879 
= $248,646 


From Table 20.1, the installation factor is 2.1 so that the installed 
price is 


Cinstatied - 2.1(248,646) = $522,156 
A tower packed with 2 in. pall rings instead of trays: 


packing volume V, = (z:/4)(4) (120) = 1508 сай, 
Cinstattea = 2-1[1.7(101,726) + 1508(23.0) + 22,879) 
= $484,044 





belt drive coupling, С = 1.2 exp[3.689 + 0.8917(5.42)] 


= $6008, 
total installed cost, Cotai = 1.3(162,210 + 8113 + 6008) 
= $229,230. 


€. A two-stage steam ejector with one surface condenser to handle 
200 lb/hr of air at 25 Torr, in carbon steel construction. From 
Table 20.3 the installation factor is 1.7. 


X = 200/25 = 8, 

R16 f-218, 5-10 

purchase C = 11(1.6)(1.8(1.0)(8))°"! = 74.31 K$, $74,310, 
installed С = 1.7C, = $126,330. 
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cuft. Multipliers have been developed whereby the installed cost of 
various kinds of equipment may be found. Such multipliers range 
from 1.2 to 3.0, but details are shown in Table 20.3. 

Data are taken from a number of published sources and are 
updated to the beginning of 1985 with the cost indexes of Chemical 
Engineering Magazine, a selection of which is in Table 20.2. The 
main sources and the dates of their prices are Hall et al. (1981), 
Institut Francais du Petrole (1975), and Evans et al. (1979). 
References also are made to price data of some equipment not 
covered here. Many data as of mid-1982 have been collected Бу 
Ulrich (1984). Perry’s Chemical Engineers Handbook (1984) has 
many data scattered throughout; the page numbers having such data 
are listed in the reference (Green, 1984). 

Material of construction is a major factor in the price of 
equipment so that multipliers for prices relative to carbon steel or 


TABLE 20.1. Index of Equipment 


other standard materials are given for many of the items covered 
here. Usually only the parts in contact with process substances need 
be of special construction, so that, in general, the multipliers are 
not always as great as they are for vessels that are made entirely of 
special materials. Thus, when the tube side of an exchanger is 
special and the shell is carbon steel, the multiplier will vary with the 
amount of tube surface, as shown in that section. 

As with most collections of data, the price data correlated here 
exhibit a certain amount of scatter. This is due in part to the 
incomplete characterizations in terms of which the correlations are 
made, but also to variations among manufacturers, qualities of 
construction, design differences, market situations, and other 
factors. Accordingly, the accuracy of the correlations cannot be 
claimed to be better than +25% or so. 





> 


. Agitators 

2. Compressors, turbines, fans 
Centrifugal compressors 
Reciprocating compressors 
Screw compressors 
Turbines 

Pressure discharge 
Vacuum discharge 

Fans 

3. Conveyors 
Troughed belt 
Flat belt 
Screw, steel 
Screw, stainless 
Bucket elevator 
Pneumatic 

4. Cooling towers 
Concrete 
Wooden 

5. Crushers and grinders 
Cone crusher 
Gyratory crusher 
Jaw crusher 
Hammer mill 
Ball mill 
Pulverizer 

6. Crystallizers 
External forced circulation 
Internal draft tube 
Batch vacuum 

7. Distillation and absorption towers 
Distillation tray towers 
Absorption tray towers 
Packed towers 

8. Dryers 
Rotary, combustion gas heated 
Rotary, hot air heated 
Rotary, steam tube heated 
Cabinet dryers 
Spray dryers 
Multiple hearth furnace 

9. Evaporators 

Forced circulation 

Long tube 


Falling film 
10. Fired heaters 
Box types 
Cylindrical types 
11. Heat exchangers 
Shell-and-tube 
Double pipe 
Air coolers 
12. Mechanical separators 
Centrifuges 
Cyclone separators 
Heavy duty 
Standard duty 
Multiclone 
Disk separators 
Filters 
Rotary vacuum belt discharge 
Rotary vacuum scraper discharge 
Rotary vacuum disk 
Horizontal vacuum belt 
Pressure leaf 
Plate-and-frame 
Vibrating screens 
13. Motors and couplings 
Motors 
Belt drive coupling 
Chain drive coupling 
Variable speed drive coupling 
14. Pumps 
Centrifugal 
Vertical mixed flow 
Vertical axial flow 
Gear pumps 
Reciprocating pumps 
15. Refrigeration 
16. Steam ejectors and vacuum pumps 
Ejectors 
Vacuum pumps 
17. Vessels 
Horizontal pressure vessels 
Vertical pressure vessels 
Storage tanks, shop fabricated 
Storage tanks, field erected 
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TABLE 20.2. Purchase Prices of Process Equipment (Basic: CE Plant Cost Index = 325, Middle 1985) 





1. Agitators 
[Meyers and Kime, Chem. Eng., 109-112 (27 Sep. 1976)] 


С = ехр[а + bin HP + cin НРУ] $, 1«HP < 400 
Single Impeller Dual Impeller 


Speed 1 2 3 1 2 3 


Carbon a 857 8.43 8.31 8.80 8.50 8.43 
steel b 0.1195 -0.0880 -0.1368 0.1603 0.0257 —0.1981 
c 0.0819 0.1123 0.1015 0.0659 0.0878 0.1239 
Туре 316 а 8.82 8.55 8.52 9.25 8.82 8.72 
b 0.2474 0.0308  —0.1802 0.2801 0.1235 —0.1225 
с 9.0654 0.0943 0.1158 0.0542 0.0818 0.1075 
Speeds 1: 30, 37, and 45 rpm 
2: 56, 68, 84, and 100 rpm 
3: 125, 155, 190, and 230 rpm 
2. Compressors, turbines, and fans (K$) 
Centrifugal compressors, without drivers (IFP, 1981): 
C-649(HP?9^ K$, 200 <НР < 30,000 
Reciprocating compressors without drivers (IFP): 
C =5.96(HP)°®" K$, 100 <НР < 20,000 
Screw compressors with drivers ПЕР): 
С=1.49(НР?7' K$, 10<НР<800 
Turbines (ЕР): 
Pressure discharge, C - 0.31(HP)??' K$, — 20« HP < 5000 


vacuum discharge, — С=0.69(НР)?' K$, 200 <НР < 8000 
Fans with motors (Ulrich) 


C= fnb expla + b In Q + c(In ор] installed cost, K$, О іп KSCFM 


a b e с 
Radial blades 0.4692 0.1203 0.0931 2-500 
Backward curved 0.0400 0.1821 0.0786 2-900 
РгореПег - 0.4456 0.2211 0.0820 2-300 
Propeller, with 
guide vanes —1.0181 0.3332 0.0647 2-500 


materials factor, f,, 








Carbon steel 2.2 


Fiberglass 4.0 
Stainless steel 5.5 
Nickel alloy 11.0 





Pressure Factors, Ғ, 








Centrifugal Axial 
Pressure Backward 

{kPa[gage]) Radial Curved Prop. Vane 
1 1.0 1.0 1.0 1.00 
2 1.15 1.15 — 1.15 
4 1.30 1.30 — 1.30 

8 1.45 1.45 — — 

16 1.60 -- - — 





3. Conveyors (ЕР) K$ 

Troughed belt: С = 1.401999, 10 < 1« 1300 t 

Flat belt: C —0.901959, 10<1< 1300 ft 

Screw (steel): C = 0.40107, 7<L<100ft 

Screw (stainless steel): C= 0.701978, 7«L«100ft 

Bucket elevator: C = 4.221968, 10«1«100ft 

Pneumatic conveyor (Chemical Engineers' Handbcok, McGraw-Hill, 
New York, 1984), 600 ft length 


С = exp{3.5612 — 0.0048 In W + 0.0913(1п wy], 10< W < 100 klb/hr 


4. Cooling towers, installed K$ 
Concrete (IFP) C = 13540967 1<@<60 K gal/min: 


At (°C) 10 12 15 
f 1.0 1.5 2.0 


Redwood, without basin (Hall): C=33.90°°, 71,5 < 0 «20K gal/min 


5. Crushers and grinders (IFP) K$ 

Cone crusher: C= 1.55W' 9°, 20 < W < 300 tons/hr 
Gyratory crusher: С=8.0 we? 25 < W < 200 tons/hr 
Jaw crusher: С -6.3У/257 10<W<200 tons/hr 
Hammer mill; С-2.44У/97% 2<w<200 tons/hr 
Ball mill: C=50.0W°®, 1<W<3Ctons/hr 
Римегігег: С = 22.60/029, 1<W<5 tons/hr 


6. Crystallizers ПЕР, Chemical Engineers' Handbook, p. 19.40) 
External forced circulation: 


С = f exp[4.868 + 0.3092 In W + 0.0548lIn WY?], 
10 « W « 100 klb/hr of crystals 


Internal draft tube: С-178ҒУУ258 15 < w « 100 kIb/hr of crystals 
Batch vacuum: C = 8.167247, БО < V < 1000 сиб of vessel 


Rubber-lined 
Stainless type 304 


Type Material f 

Forced circulation Mild steel 1.0 

Stainless type 304 2.5 

Vacuum batch Mild steel 19 
1. 

2.0 


7. Distillation and absorption towers, tray and packed (Evans et al., 
1984) prices in $ 
Tray towers: 


C, = fC, + МЬБЬС, + C, 
Distillation: 


С, = exp[7.123 + 0.1478(In W) + 0.02488(In W)? 
+ 0.01580(L/D) in(7,/ 7,1], 
9020 < W < 2,470,000 Ibs of shell exclusive of nozzies and skirt 
С, = 375.8exp(0.1739D), 2« D < 16ft tray diameter 
М = number of trays 
Cp = 204,909 719898, 2< p «24, 
57 < L< 170 ft (platforms and ladders) 


Material 


A^ 


Я 


Stainless steel, 304 1.7 1.189 + 0.05770 

Stainless steel, 316 2.1 1.401 + 0.0724D 

Carpenter 20CB-3 3.2 1.525 + 0.0788D 

Nickel-200 5.4 

Monel-400 3.6 2.306 + 0.1120D 
Inconel-600 3.9 

Incoloy-825 3.7 

Titanium 7.7 (continued) 
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TABLE 20.2—(continued) 





Tray Types f 
Valve 1.00 
Grid 0.80 
Bubble сар 1.59 
Sieve (with downcomer) 0.85 


h= 2.25/(1.0414)^, when the number of trays N is less than 20 


T, is the thickness of the shell at the bottom, 7, is thickness required for 
the operating pressure, D is the diameter of the shell and tray, Ё is 
tangent-to-tangent length of the shell 


Absorption: 


C, = exp[6.629 + 0.1826(In W) + 0.02297(In W^], 
4250 < W < 980,000 Ib shell 
Coy = 2464D9 73999,9769? 3< D<21, 


27 < L< 40 ft (platforms and ladders}, 
f, 5, Ь, and f, as for distillation 


Packed towers: 
C= RC, + V.C, + C, 


V, is volume of packing, C, is cost of packing $/cuft 


Packing Type C, ($/cuft) 
Ceramic Raschig rings, 1 in. 19.6 
Metal Raschig rings, 1 in. 32.3 
Intalox saddles, 1 in. 19.6 
Ceramic Raschig rings, 2 in. 13.6 
Metal Raschig rings, 2 in. 23.0 
Metal Pall rings, 1 in. 32.3 
Intalox saddles, 2 in. 13.6 
Metal Pall rings, 2 in. 23.0 


8. Dryers (ІҒР) 


Rotary combustion gas heated: С = (1+ + fn) exp[4.9504 — 0.5827(In 
A) + 0.0925(1л АУ), 200 < A «30,000 sqft lateral surface 

Rotary hot air heated: C—2.38(1-- f, + £,)A?^?, 200< A « 4000 sqft 
lateral surface 

Rotary steam tube: С- 1.83FAQ 99, 500 « A, « 18,000 sqft tube sur- 
face, Е = 1 for carbon steel, Р = 1.75 for 304 stainiess 


Cabinet dryer: C = 1.154077, 10 A« 50 sqft tray surface 














Pressure 5 
Atmospheric pressure 1.0 
Vacuum 2.0 
Material fm 
Mild steel 1.0 
Stainless type 304 1.4 
Drying Gas f 
Hot air 0.00 
Combustion gas (direct contact) 0.12 
Combustion gas (indirect contact) 0.35 
Materials f. 
Mild steel 0.00 
Lined with stainless 304-20% 0.25 
Lined with stainless 316-20% 0.50 





Spray dryers: 


С = F exp(0.8403 + 0.8526(In x) — 0.0229(In x)’, 
30 « x « 3000 Ib/hr evaporation 


Material F 
Carbon steel 0.33 
304, 321 1.00 
316 1.13 
Monel 3.0 
Inconel 3.67 


Multiple hearth furnaces (Hall et al., 1984) 
C =ехр(а + 0.88N), 4«N «14 number of hearths 


Diameter (ft) 6.0 10.0 1425 16.75 18.75 2225 26.75 

Saft/hearth, 12 36 89 119 172 244 342 
арргох 

а 5.071 5.295 5.521 5.719 5.853 6.014 6.094 


9. Evaporators (IFP; also Chemical Engineers Handbook, p. 11.42) 


Forced circulation: C= f,, exp[5.9785 - 0.6056(In A) + 0.08514(In Ау], 
150 < А < 8000 заң heat transfer surface 
Long tube: С = 0.36742, 300 < А < 20,000 sqft 


Falling film (316 internals, carbon steel shell) 


С = exp(3.2362 — 0.0126(In A) + 0.0244(In A], — 150 < A < 4000 sqft 
Forced-Circulation Evaporators 
Construction Material: Shell/Tube f, 
Steel/copper 1.00 
Monel/cupronickel 1.35 
Nickel/nickel 1.80 
Long-Tube Evaporators 
Construction Material: Shell/Tube f, 
Steel/copper 1.0 
Steel/steel 0.6 
Steel/aluminum 0.7 
Nickel/nickel 3.3 


10. Fired heaters, installed (Hall) K$ 
Box type: C-Kk(--f,-£)O?9*, 20< Q «200 M Btu/hr 


Tube Material 


Carbon steel 25.5 
CrMo steel 33.8 
Stainless 45.0 


Design Type t 


Process heater 0 
Pyrolysis 0.10 
Reformer (without 

catalyst) 0.35 


Design Pressure, (psi) f 


Upto 500 
1,000 
1,500 
2,000 
2,500 . 
3,000 0.60 


C=K1+ f, + £)0°°, 2< а «30M Btu/hr 


popopo 


Boo 
omno 


Cylindrical type: 


Tube Material 


Carbon steel 27.3 
CrMo steel 40.2 
Stainless 42.0 (continued) 
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Design Type f 
Cylindrical 0 
Dowtherm 0.33 
Design Pressure (psi) A 
Upto 500 0 
1,000 0.15 
1,500 0.20 


11. Heat exchangers 


Shell-and-tube (Evans): C=£f,f,C,, price in $ 


C, = exp[8.821 — 0.30863(In А) + 0.0681 (In AY], 150 < А < 12,000 зай 





Туре f 
Fixed-head exp[— 1.1156 + 0.0906(In A)] 
Kettle reboiler 1.35 
U-tube expí —0.9816 + 0.0830(In А)! 
Pressure Range (psig) f, 
100—300 0.7771 + 0.04981(In A) 
300-600 1.0305 + 0.07140(іп А) 
600-900 1.1400 + 0.12088(In А) 
fn = бу + өліп А) 
Material ГА % 
Stainless steel 316 0.8603 0.23296 
Stainless steel 304 0.8193 0.15984 
Stainless steel 347 0.6116 0.22186 
Nickel 200 1.5092 0.60859 
Мопе! 400 1.2989 0.43377 
Inconel 600 1.2040 0.50764 
Incoloy 825 1.1854 0.49706 
Titanium 1.5420 0.42913 
Hastelloy 0.1549 0.51774 


Double pipe (IFP): С = 9001,14? 75, 2 « A « 60 sqft, price in $ 


Material: 
Sheli/Tube 


cs/cs 
cs/304L stainless 
с5/316 stainless 


ғ 


NAA 
NEGO 


Pressure 
(Бат) 


<4 
4-6 

6-7 
С= 24.6420, 


12. Mechanica! separators 
Centrifuges: sclid bowl, screen bowl or pusher types 


C=at+bw, K$ 


enn 
Rao 
moo 


Air coolers (Hall): 0.05 « A « 200 К sqft, price in K$ 


Inorganic Process Organic Process 


Material a b a b 
Carbon steel 42 1.63 — — 
316 65 3.50 98 5.06 
Monel 70 5.50 114 7.14 
Nickel 84.4 6.56 143 9.43 
Hastelloy — — 300 10.6 
10< W «90 5< W<40tons/hr 


Disk separators, 316 stainless (IFP): 


c=8.00°, 15<Q<150gpm, K$ 


Cyclone separetors (IFP): K$ 


heavy duty: C—1.390?9?, 2<0<40KSCFM 
standard duty: C=0.650°°, 2<Q<40KSCFM 


multiclone: C=1.560°°%, 9< Q «180K SCFM 
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Filters (Hall), prices in $/sqft: 


rotary vacuum belt discharge: С = exp[11.20 — 1.2252(In А) 
+0.0587(In AL 10 < A< 800 sqft 
rotary vacuum drum scraper discharge: С = exp[11.27 

— 1.3408 (т А) + 0.0708(In A] $/sqft, 10<А< 1500 sqft 
С = exp[10.50 — 1.008(In А) 
+ 0.0344(In А)?] $/sqft, 100<A<4000 sqft 
horizontal vacuum belt: C= 28300/А°5 $/sqft, 10<А < 1200 sqft 
pressure leaf: С = 695/ 9:29 $/saft, 30<A< 2500 sqtt 
plate-and-frame: (Chemical Engineers’ Handbook): 

C = 460/A°*" $/sqft, 10« А < 1000 sqft 
vibrating screen ПЕР): С = 3.1149 KS, 0.5<А<ЗБ вай 


rotary vacuum disk: 


13. Motors and couplings, prices in $ 

Motors: С-1.2 expla, + azlin HP) + a,(In НРУ] 

Belt drive coupling: С = 1.2 exp[3.689 + 0.8917(т НРУ 
С = 1.2 ехр[5.329 + 0.5048 (п HP)] 


Variable speed drive coupling: 


Chain drive coupling: 


С = 12,000/(1.562 + 7.877/HP), HP<75 
Coefficients 
Type a, a аҙ HP limit 
Open, drip-proof 
3600 rpm 4.8314 0.09666 0.10960 1-7.5 
4.1514 0.53470 C.05252 7.5-250 
4.2432 1.03251 -С.03595 250—700 
1800 rpm 4.7075 —0.01511 0.22888 1-7.5 
4.5212 0.47242 0.04820 7.5-250 
7.4044 —0.06464 0.05448 250-600 
1200 rprn 4.9298 0.30118 0.12630 1-7.5 
5.0999 0.35861 0.06052 7.5-250 
4.6163 0.88531 -0.02188 250-500 
Totally enclosed, fan-cooled 
3600 rpm 5.1058 0.03316 0.15374 1-7.5 
3.8544 0.83311 0.02399 7.5-250 
5.3182 1.08470  —0.05695 250-400 
1800 rpm 4.9687 -50.00930 0.22616 7.5-250 
4.5347 0.57065 0.04809 250-400 
1200 грт 5.1532 0.28931 9.14357 1-7.5 
5.3858 0.31004 0.07406 7.5-350 
Explosion-proof 
3600 rpm 5.3934 -0.00333 0.15475 1-7.5 
4.4442 0.60820 0.05202 7.5-200 
1800 грт 5.2851 0.00048 0.19949 1-7.5 
4.8178 0.51086 0.05293 7.5-250 
1200 грт 5.4166 0.31216 0.10573 1-7.5 
5.5655 0.31284 0.07212 7.5-200 
14. Pumps 


Centrifugal (Evans) prices in $: С-Б,Ғ-С,, base cast-iron, 3550 rpm 
VSC 


C, = 1.55 exp[8.833 — 0.6019(In ОУН) 
+ 0.0519(1п QVHY'j, Qin арт, Hin ft head 


Materiai Cost Factor A, 
Cast steel 1.35 
304 or 316 fittings 1.15 
Stainless steel, 304 or 316 2.00 
Cast Gould's alloy no. 20 2.00 
Nickel 3.50 
Monel 3.30 
ISO B 4.95 
150 С 4.60 
Titanium 9.70 
Hastelloy C 2.95 
Ductile iron 1.15 
Bronze 1.90 


F, = exp[b, + blin ОУН) + balin QV HY] 


(continued) 
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TABLE 20.2—(continued) 


Type b, bz bs 
One-stage, 1750 rpm, VSC 5.1029 -1.2217 0.0771 
One-stage, 3550 rpm, HSC 0.0632 0.2744 —0.0253 
One-stage, 1750 rpm, HSC 2.0290 -0.2371 0.0102 
Two-stage, 3550 rpm, HSC 13.7321 -2.8304 0.1542 
Multistage, 3550 rpm, HSC 9.8849 —1.6164 0.0834 
Flow Range Head Range HP 
Type (gpm) (ft (тах) 
One-stage, 3550 rpm, У5С 50—900 50-400 75 
One-stage, 1750 rpm, VSC 50—3500 50-200 200 
One-stage. 3550 rpm, HSC 100—1500 100—450 150 
One-stage, 1750 rpm, HSC 250--5000 50-500 250 
Two-stage, 3550 rpm, HSC 50-1100 300-1100 250 
Two-stage, 3550 rpm, HSC 100-1500 650-3200 1450 


0.82 


Vertical mixed flow (IFP): С = 0.036(gpm) 


Gear pumps (IFP): С =ехр[-0.0881 + 0.1986(1п О) 


+0.0291(In QP] К$, 10« Q « 900 gpm 


Reciprocating (Pikulik and Diaz, 1979), without motor, 


Cast iron: C-40.009?' K$, 15« О < 400 gpm 


Others: С-410Ғ0952Қ%, 1< Q «400 gpm 
316 stainless F=1.00 
Al bronze 1.40 
Nickel 1.86 
Monel 2.20 


15. Refrigeration (ЕР): C=146FQ°® K$, 0.5<Q<400MBtu/hr, in- 


stalled prices 


Temperature Level (°С) 


0 1 
-10 1 
-20 2. 
-30 2. 
—40 3 
-50 4 


16. Steam ejectors and vacuum pumps (Pikulik and Diaz, 1979): 


Ejectors: С=11.02ЬЬХ°° K$, 0.:1« X < 100 


X = (Ib air/hr)/(suction pressure in Torr) 
No. 
Type f, Stages f, 


No condenser 
1 surface condenser 


1.0 1 

1.6 2 
1 barometric condenser 1.7 3 2.1 hastelloy 
2 surface condensers 2.3 4 2.6 
2 barometric condensers 1.9 5 4.0 


Material 


1.0 carbon steel 
1.8 stainless steel 


TABLE 20.3. Multipliers for Installed Costs of Process 


Equipment? 
Equipment 


Agitators, carbon steel 
stainless steel 

Air heaters, all types 

Beaters 

Blenders 

Blowers 

Boilers 

Centrifuges, carbon steel 

stainless steel 


Multiplier 


K$, 500 < gpm < 130,000 
Vertical axial flow (IFP): С = 0.020(gpm)^"? K$, 1000 < gpm < 130,000 


h 


ооо 


Vertical vessels: 


Vacuum pumps: С= 8.15X 9? Kg, 


0.3 < X < 15 (Ibs air/hr)/(suction Torr). 


17. Vessels (Evans) prices in $ 
Horizontal pressure vessels: С = А.С, + C, 


С, = exp[8.571 — 0.2330(In WY + 0.04333(In WY'], 
800 < W < 914,000 Ib shell weight 


С, =13700°292°, 3.— D < 12 ft diameter (platforms and ladders) 


€ - Б.С, + C, 


C, = exp[9.100 — 0.2889(In W) + 0.04576(In wy 


5000 < W « 226,000 Ib 


С, = 2460739819798 6< D<10, 


12 < L < 20 ft tangent-to-tangent 


Material 


Stainless steel, 304 17 
Stainless steel, 316 2.1 
Carpenter 20CB-3 3.2 
Nickel-200 54 
Monel-400 3.6 
Inconel-600 3.9 
Incoloy-825 37 
Titanium 73 


Storage tanks, 
0.06309(In V^], 

Storage tanks, 
0.04536(In УУД, 


1300 < V < 21,000 gal 
field erected: 
21,000 « V « 11,000,000 gal 


Material of Construction 


Stainless steel 316 

Stainless steel 304 

Stainless steel 347 

Nickel 

Monel 

Inconel 

Zirconium 

Titanium 

Brick-and-rubber-or 
brick-and-polyester-lined steel 

Rubber- or lead-lined steel 

Polyester, fiberglass-reinforced 

Aluminum 

Copper 

Concrete 


Equipment 


Chimneys and stacks 
Columns, distillation, carbon steel 

distillation, stainless steel 
Compressors, motor driven 

steam on gas driven 

Conveyors and elevators 
Cooling tower, concrete 
Crushers, classifiers and mills 
Crystallizers 


- 


Cost Factor Ри 


г? ;* @ 62 сого 
oo00Uo0onX 


SNNO=N 
ws Со CO ы 


N о 


о 


shop fabricated: С = F,, exp[2.631 + 1.3673(In V) — 


C = Ри exp[11.662 – 0.6104(In V) + 


Cost Factor Ри 


Multiplier 
1.2 


3.0 
2.1 


(continued) 


TABLE 20.3—(continued) 


Equipment Multiplier 
Cyclones 1.4 
Dryers, spray and air 1.6 
other 1.4 
£jectors 1.7 
Evaporators, calandria 1.5 
thin film, carbon steel 2.5 
thin film, stainless steel 1.9 
Extruders, compounding 1.5 
Fans 1.4 
Filters, ail types 1.4 
Furnaces, direct fired 13 
Gas holders 1.3 
Granulators for plastic 1.5 
Heat exchangers, air cooled, carbon steel 2.5 
сой in shell, stainless steel 1.7 
glass 2.2 
graphite 2.0 
plate, stainless steel 1.5 
plate, carbon steel 1.7 
shell and tube, stainless/stainless steel 1.9 
sheli and tube, carbon/stainless steel 2.1 
Heat exchangers, shell and tube, carbon steel/aluminum 2.2 
shell and tube, carbon steel/copper 2.0 
shell and tube, carbon steel /Monel 1.8 
shell and tube, Monel/Monel 1.6 
shell and tube, carbon steel/Hastelloy 1.4 
Instruments, all types 2.5 
Miscellaneous, carbon steel 2.0 
stainless steel 1.5 


“11. Gran, Chem. Eng., (6 Apr. 1981)]. 
Installed Cost — (purchase price)(multiplier). 
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Equipment Multiplier 

Pumps, centrifugal, carbon steel 2.8 
centrifugal, stainless steel 2.0 
centrifugal, Hastelloy trim 1.4 
centrifugal, nickel trim 1.7 
centrifugal, Мопе! trim 1.7 
centrifugal, titanium trim 1.4 

all others, stainless steel 1.4 

all others, carbon steel 1.6 
Reactor kettles, carbon steel 1.9 
kettles, glass lined 2.1 

kettles, carbon steel 1.9 
Reactors, multitubular, stainless steel 1.6 
multitubular, copper 1.8 
multitubular, carbon steel 2.2 
Refrigeration plant 1.5 
Steam drums 2.0 
Sum of equipment costs, stainless steel 1.8 
Sum of equipment costs, carbon steel 2.0 
Tanks, process, stainless steel 1.8 
Tanks, process, copper 19 
process, aluminum 2.0 
storage, stainless steel 1.5 
storage, aluminum 1.7 
storage, carbon steel 2.3 

field erected, stainless steel 1.2 

field erected, carbon steel 1.4 
Turbines 1.5 
Vessels, pressure, stainless steel 1.7 
pressure, carbon steel 2.8 





TABLE 20.4. Chemical Engineering Magazine Cost Indexes 


Year 





CE Plant Cost Index 

Equipment costs 

Fabricated equipment 

Process machinery 

Piping, valves, and fittings 
Process instruments and controls 
Pumps and compressors 
Electrica! equipment 
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TABLE A1. Units and Conversions 


Prefixes for Unit Multiples and 


Submultiples: 
10 att a 10' deca da 
10 ? femto f 102 hecto h 
10 7pico p 10° kilo k 
1079 nano n 10° mega M 
10 5 micro u 10? giga G 
107? milli m 107 tera T 
10 7 centi c 
1071 deci d 
Length: 
1 ft = 0.3048 m = 30.48 cm = 304.8 mm 
Volume: 
1 cuft = 9.0283 cum = 7.481 U.S. gal 
1 cum = 35.34 cuft = 1000 L 
Standard gas volume: 
22.414 L/g mol at 0°C and 1 atm 
359.05 cuft/Ib mol at 32?F and 1 atm 
Gas constant R: 
Energy Temperature Mole R 
Ib ft?/sec" *Rankine Ib 4.969 x 10° 
ftibf *Rankine Ib 1544 
cuft atm “Rankine Ib 0.7302 
cuft (Ibf/sqin.) *Rankine lb 10.73 
Btu *Rankine Ib 1.987 
ИР hr *Rankine Ib  7805x10 * 
kW hr *Rankine lb 5.819x 10 * 
J (abs) Кеіміп 9 8.314 
Ка т2/ѕес? Kelvin kg 8.314 x 10? 
kgfm Kelvin kg 8.478 x 10° 
сист atm Kelvin g 82.0562 
calorie Keivin g 1.987 


Gravitational constant: 


8. = 1 kg mass/N sec? 
= 1 g cm/dyn sec? 
= 9.806 kg mass/kg force sec? 
= 32.174 Ib mass/ib force sec? 


Mass: 


11b = 0.4536 kg 
1 kg = 2.2046 Ib 


671 


5. Properties of steel pipe 675 

6. Standard gauges of sheets, plates, and wires 676 

7. Weights and angles of slide of various materials 677 
8. Petroleum products, typical compositions 680 


Density: 
1 1b/cuft = 16.018 kg/cum 
1 gm/cucm = 62.43 Ib/cuft 
°API = 141.5/(specific gravity) — 131.5 
specific gravity = 141.5/(°API + 131.5) 


Force: 


116 force = 0.4536 kg force = 4.448 Newtons 


Pressure: 


1 atm = 760 Torr = 760 mm Hg = 101,325 N/sqm 
= 1.01325 bar = 10,330 kg/sqm = 14.696 Ibf/sq in 
= 2,116.2 Ibf/sqft 
1 bar = 100,000 N/sqm 
1Pa-1N/sam 
Energy, work, and hcat: 


1 Btu — 252.16 cal - 1055.06 J — 0.2930 W hrs 
— 10.41 L atm 
1 HP hr = 0.7457 kWh = 778 ft lbf = 2545 cal 
1 cal = 4.1868 J 
1J=1Nm=1 W sec = 0.2388 cal = 0.000948 Btu 


Ромег: 


1 ft Ibf/sec = 0.0018182 НР = 1.356 W = 0.0012856 
Btu/sec — 0.3238 cal/sec 
1W=1J/sec = 1 N m/sec 


Temperature: 


К (Kelvin) = °С (centigrade) + 273.16 = [°F (Fahrenheit) 
+ 459.6]/1.8 = ^R (Rankine)/1.8 

°R = 1.8 K = °F + 459.6 

°C = (°F - 32)/1.8 


Temperature difference: 

1°С = ГК = 1.8°В = 1.8°Е 
Heat capacity and entropy: 

1 cal/(g)CK) = 4.1868 J/(g) CK) = Btu/(Ib)CR) 
Specific energy: 


1 cal/g = 4.1868 J/g = 1.8 Btu/lb 
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TABLE A1—(continued) 
Volumetric flow: 

1 cuft/sec — 0.028316 cum/sec — 28.316 L/sec 
Heat flux: 


1 Btu/(hr)(f&) = 3.1546 W/m? 
= 2.172 kcal/(hr)(m?) 


Heat transfer coefficient: 
1 Btu/(hr)(ft)(F) = 5.6783 W/m?K 
Surface tension: 


1 dyn/cm = 1 erg/cm? 
— 0.001 N sec/m? 


Viscosity, dynamic: 


1 cP = 0.001 М sec/m? 
— 0.001 Pa sec 
= 0.000672 16 „/Ё sec 
-2.421Ь,/ hr 
= 0.0752 Ib, hr/ft? 


Viscosity, kinematic: 


1 centistoke — 0.00360 m?/hr 
= 0.0388 f^ /hr 


TABLE A2. Notation? 


C, = heat capacity at constant pressure 
C, = heat capacity at constant volume 
9, = gravitational constant (numerical values in Table A1) 
h — individual heat transfer coefficient 
H = enthalpy 
К = thermal conductivity 
к= C/C, 
К = у/х = vaporization equilibrium ratio, VER 
m, = mass fraction of component i of a mixture 
M = molecular weight 
P = pressure 
Q = volumetric flow rate 
Q - heat transfer rate 
В = gas constant (numerical values in Table A1) 
5 «entropy 
T = temperature, usually ^R or °K 
и = linear velocity 
U — overall heat transfer coefficient 
V = volume 
х; = mol fraction of component i in the liquid phase 
у; = mol fraction of component / in the vapor phase 
z, = mol fraction of component i in a mixture 
> = PV/RT, compressibility 
и = viscosity 
p = density 
а = surface tension 


^ Most symbols are defined near where they аге used in equations. 


Unless defined otherwise locally, certain notations have the meanings 
in this list. 
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TABLE A3. Properties of Steam and Water 


























Thermal con- 




































































Absolute [меп Specific volume | Density of | Viscosity of | ductivity of 
Temp., °F pressure, evaporation of steam, liquid water, | liquid water, | liquid water, 
ува in. ЛЬ ' ей ft/lb Ib/eu ft centipoisea {Btu} (ft)/ 

(°F (ft?) (hr) 
32 1075.8 3306 62.42 0.320 
35 1074.1 2947 0.322 
40 1071.3 2444 0.328 
45 1068.4 2038.4 0.329 
50 1065.6 0.333 
55 1062.7 . 0.336 
60 1059.9 1206.7 0.340 
65 1057.1 1021.4 0.343 
70 1054.3 867.9 0.346 
75 1051.5 0.349 
80 1048.6 . 0.352 
85 1045.8 543.5 0.355 
90 1042.9 468.0 0.358 
95 1040.1 404.3 0.360 
100 1037.2 0.362 
105 1034.3 61.92 0.646 0.364 
110 1031.6 265.4 61.85 0. 614 0.367 
115 1028.7 231.9 61.80 0.585 0.369 
120 1025.8 203.27 61.73 0.557 0.371 
125 1022.3 61.66 0,532 0.373 
130 1020.0 . 61.55 0.509 0.375 
135 1017.0 138. 95 61.46 0.487 0.376 
140 1014.1 123.01 61.39 0.467 0.378 
145 1011.2 109.15 61.28 0.448 0.376 
150 1008.2 97.07 61.21 0.430 0.381 
155 1005.2 86.52 61.10 0.414 0.382 
160 1002.3 71.29 61.01 0.398 0.384 
105 999.3 69.19 60.90 0.384 0.385 
170 996.3 62.06 60. 79 0.370 0.386 
175 993.3 55.78 60. 68 0.357 0.387 
180 990.2 50.23 60.58 0.345 0.388 
185 987.2 45,31 60.47 0.334 0.389 
190 984.1 40.96 60.36 0.333 0.390 
195 981.0 37.09 60.25 0.312 0.391 
200 977.9 33.64 60.13 0.303 0.392 
205 974.8 0.392 
0.393 
9.393 
0.393 
0.394 
0.394 
0.395 
0.395 
| 0.396 
0.396 
0.396 
0,396 
0.396 
0.396 
0.396 
0.396 
0.396 
0.395 
0.393 
0,392 
0.390 
0.388 
0.387 
0.385 
0.383 


53.65 


Source: Condensed from Keenan and Keyes, Thermodynamic Properties of Steam, 
Wiley, New York, 1936). 
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TABLE А4. Properties of Air and Steam at 
Atmospheric Pressure 


T cp “a X10 |ьх 10? k 


p 
(Btu/ (Iba/ (sqft/ | (Btu/ 
(F) |übm/cufO| p "S | fracc) | sec) | hrftF) 








0 | 0.086 | 0.239 | 1.110 | 0.130 ' 0.0133 
32 | 0.081 | 0.240 | 1.165 | 0.145 | 0.0140 
100 | 0.071 | 0.240 | 1.285 | 0.180 | 0.0154 
200 | 0.060 | 0.241 | 1.440 | 0.239 | 0.0174 
300 | 0.052 | 0.243 | 1.610 | 0.306 | 0.0193 
400 | 0.046 |0.245 | 1.750 | 0.378 | 0.0212 
500 | 0.0412 | 0.247 | 1.890 | 0.455 | 0.0231 
600 | 0.0373 | 0.250 | 2.000 | 0.540 | 0.0250 
700 | 0.0341 | 0.253 | 2.14 | 0.625 | 0.0268 
800 | 0.0314 | 0.256 | 2.25 | 0.717 | 0.0286 
900 | 0.0291 | 0.259 | 2.36 | 0.815 | 0.0303 
1000 | 0.0271 | 0.262 | 2.47 | 0.917 | 0.0319 
1500 | 0.0202 | 0.276 | 3.00 | 1.47 | 0.0400 
2000 | 0.0161 | 0.286 | 3.45 | 2.14 | 0.0471 
2500 | 0.0133 | 0.292 | 3.69 12.80 | 0.051 
3000 | 0.0114 | 0.297 | 3.86 | 3.39 | 0.054 




















Steam 





212 | 0.0372 | 0.451 | 0.870 | 0.234 | 0.0145 
300 | 0.0328 | 0.456 | 1.000 | 0.303 | 0.0171 
400 | 0.0288 | 0.462 | 1.130 | 0.395 | 0.0200 
500 | 0.0258 | 0.470 | 1.265 | 0.490 | 0.0228 
600 | 0.0233 | 0.477 | 1.420 | 0.610 | 0.0257 
700 | 0.0213 | 0.485 | 1.555 | 0.725 | 0.0288 
800 | 0.0196 | 0.494 | 1.700 | 0.855 | 0.0321 
900 | 0.0181 | 0.50 | 1.810 | 0.987 | 0.0355 
1000 | 0.0169 | 0.51 | 1.920 | 1.13 | 0.0388 
1200 | 0.0140 | 0.53 12.14. | 1.44 | 0.0457 
1400 | 0.0133 | 0.55 | 2.36 |178 | 0.053 
1600 | 0.0120 | 0.56 | 2.58 | 214 | 0.061 
1800 | 0.0109 | 0.58 |2.81 | 2.58 | 0.068 
2000 | 0.0100 | 0.60 | 3.03 | 3.03 | 0.076 
2500 | 0.0083 | 0,64 | 3.58 | 4.30 | 0.096 
3000 | 0.0071 | 0.67 |4.00 | 5.75 | 0.114 

















TABLE А5. Properties of Steel Pipe 





























Nom- Surface per 
inal lin ft, ft? 
pipe Sched- Flow area Weight 
size, ule per pipe, per lin ft, 
in. OD, in. No. ІР, іп. іп? Outside Inside | Ib steel 
14 0.405 401 0.269 0.058 | 0.106 | 0.070 0.25 
801 0.215 0.036 | 0.106 0. 056 0.32 
i 0.540 40 0.364 0.104 | 0.141 0.095 0.43 
80 0.302 0.072 | 0.141 0.079 0.54 
34 0.675 40 0.493 0.192 0.177 0.129 0.57 
80 0.423 0.141 0.177 0.111 0.74 
14 0.849 40 0.622 0.304 | 0.220 0.163 0.85 
80 0.546 0.235 0.220 0. 143 1.09 
34 1.05 40 0.824 0.534 0.275 0.216 1.13 
80 0.742 0.432 0.275 0.194 1.48 
1 1.32 40 1.049 0.864 0.344 0.274 1.68 
80 0.957 0.718 | 0.344 0.250 2.17 
114 1.66 40 1.380 1.50 0.435 0.362 2.28 
80 1.278 1.28 0.435 0.335 3.00 
134 1.90 40 1.610 2.04 0.498 0.422 2.72 
80 1.500 1.76 0.498 0.393 3.64 
2 2.38 40 2.067 3.35 | 0.622 0.542 3.66 
80 1.939 2.95 0.622 0.508 5.03 
234 2.88 40 2.469 4.79 0.753 0.647 5.80 
80 2.323 4.23 0.753 0.609 7.67 
3 3.50 40 3.068 7.38 0.917 0.804 7.58 
80 2.900 6.61 0.917 0.760 10.3 
4 4.50 40 4.026 12.7 1.178 1.055 10.8 
80 3.826 11.5 1.178 1.002 15.0 
6 6.625 40 6.065 28.9 1.734 1.590 19.0 
80 5.761 26.1 1.734 1.510 28.6 
8 8.625 40 7.981 50.0 2.258 2.090 28.6 
80 7.625 45.7 2.258 2,000 43.4 
10 10.75 40 10.02 78.8 2.814 2.62 40.5 
60 9.75 74.6 2.814 2.55 54.8 
12 12.75 30 12.09 115 3.338 8.17 43.8 
16 16.0 30 15.25 183 4.189 4.00 62.6 
20 20.0 20 19.25 291 5.236 5.05 78.6 
24 24.0 20 23.25 425 6.283 6.09 94.7 
О НИ АИ У ОИ О ОНО ООО 


t Schedule 40 designates former "standard" pipe. 
1 Schedule 80 designates former "extra-strong" pipe. 
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TABLE A6. Standard Gauges of Sheets, Plates, and Wires 





Sheet mills roll steel sheets to U. S. gauge 
unless otherwise ordered. Plate mills usu- 
ally roll heavy plates, % and heavier, and 
light plate No. 8 to No. 12, to Birmingham 
In figuring weights of steel plates 
add to above the allowance for overweight, 
adopted by Association American Steel 
Manufacturers. All steel sheets in our stock 
are rolled to the U. 5. Standard Gauge. 
Brass is rolled to thickness by Brown & 
Sharpe's American Gauge. Copper is rolled 
to thickness by Stubs! or Birmingham Gauge. 
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THICKNESS AND WEIGHT OF SHEETS 



































AND PLATES WIRE 
= 

U. S. Standard Gauge American or SEo 
Adopted by U. S. Birmingham Brown & А<% 
Government or Stubs’ Sharpe’s Gas 
March 1, 1937 Gauge Gauge sal 
Thickness Weight Thick- ight Thick- Vigh Thick- 
ness, ness, ness, 
Inches Sd Pt. Inches sd Fe. Inches Sq. Ft. Inches 

15.00 .425 | 17.28 .410 | 16.71 .363 

13.75 .380 | 15.45 -365 | 14.88 .331 

12.50 .340 | 13.82 „325 | 13.26 -307 

11.25 300 | 12.20 .289 | 11.80 .283 

10.625 | .284 | 11.55 .258 | 10.51 .263 

10.00 -259 | 10.53 .229 9.36 -244 

9.375 | .238 9.68 .204 8.34 .225 

8.75 -220 8.95 -182 7.42 .207 

8.125 | 203 8.25 .162 6.61 .192 

1.50 .180 7.32 144 5.89 177 

6.875 | .165 6.71 .128 5.24 .162 

6.25 .148 6.02 114 4.67 .148 

5.625 | .134 5.45 .102 4.16 .135 

5.00 .120 4.88 .091 3.70 .120 

4.375 ! .109 4.43 08 3.30 .105 

3.15 .095 3.86 .072 2.94 .092 

3.125 | .083 3.37 -064 2.62 .080 

2.813 | .072 2.93 057 2.33 .072 

2.50 065 2.64 .05 2.07 .063 

2.25 .058 2.36 .045 1.85 .054 

2.00 .049 1.99 -04 1.64 -047 

1.75 .042 1.11 .036 1.46 .041 

.50 .035 1.42 .032 1.31 .035 

1.375 | .032 1.30 .028 1.16 .032 

1.25 -028 1.14 .025 1.08 .027 

1.125 | .025 1.02 .023 .922 -026 

1.00 .022 .895 | .020 -82 .023 

.875 | .020 .813 | .018 S .020 

-750 | .018 .132 | .016 .649 .018 

.687 | .016 -651 | .014 .579 :017 

.625 | .014 .569 | .012 .514 .016 

.563 | .013 |........| .011 .461 .015 

.500 | .012 |........ 01 .408 .014 
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TABLE A7. Weights and Angles of Slide of Various Materials 
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* Weights of Materials—The following list gives weights in pounds per cubic foot. Unless otherwise noted, weights аге 
for material in loose, least compacted form. In figuring Horse Powers, weights should be increased in proportion to their 


compressibility. 


+Angles of Slide—The angles given are the minimum at which the various materials will slide on a steel plate, under best 
condition, for determination of friction. The minimum angle will increase as size of particles decrease and with higher 
moisture content. For definite recommendations refer to S-À Engineers. The inclination of chutes must be steeper than 
minimum angle of slide and S-A Engineers should be consulted for minimum chute slopes. 


Friction Factors—The moving-friction factor for any material listed, sliding on steel plate, equals the natural tangent of 
the “angie of slide" given for that material. See table of natural functions of angles—listed in data section of book. 
For example, the friction factor of cement equals .809 (the natural tangent of 39^, which is the angle of slide for cement). 


Specific Gravity—The specific gravity of a material is its weight (in a solid block) compared with that of water at 62° Е. 
Example: As water weighs 62.4 pounds per cubice foot and sulphur weighs 125 pounds, the specific gravity of sulphur 


is twice that of water or 2.0. 


Greer. Timber—Usually weighs from one-fifth to nearly one-half more than dry. Ordinary building timbers, 


seasoned, weigh about one-sixth more. 


А Solid Cube of material—weights of broken or crushed material decrease, for example, see figures given for coal and for limestone. 
эк Figures listed are for best conditions (dry, sized and without dust)— The minimum angle will increase as size of particles decrease and 


moisture content. For other conditions refer to S-A Engineers for definite recommendations. 


tolerably 


with higher 






































































































































1 
Average | Minimum Average | Minimum 
Wt. per Angle | Wt. рег Angie 
DESCRIPTION cu. ft. of | DESCRIPTION cu. ft. о! 
pounds* Slide} д pounds* Slidet 
Air (Atmospheric at 60°F., Under pressure of one at- | Cellulose Acetate, қғатағ......................... 10 339 
mosphere, 14.7 lbs. рег square in., weighs 1/815 аз Cement, Portland (per ВЫ, net 376 lbs.) (per bag 94 Ibs.) 90-100 399 
much аз water).... ; : 5 Я .0765 " Mortar, Portland, 1:2%4................... 135200 ИЧИ 
Alabaster (marble) Ж.............................. 168 
Alabaster (Real, а compact. white plaster of Paris) A. . 144 Challe АЗДА УЫЛ ДА ie барды Ee со до. lors yag е е ds 
15 “ Precipitated, Powdered.......... NUM Js 18 45? 
Alfalfa, eats У Бо tute nete fe dunque teas 9 Charcoal, Bone, (Carbonated), granular....... ase 60 27° 
Mere Gur та ыла 2 а E 5, 
Alumina, ased or briquetie 85 Wood Pulp, ағапшаг..................... 20.4 35 
. д 55 Chips; Wood: а араа UR Ул кай ORDRE NS 15-30 22? 
ou ir Da MC 82 Chocolate, Powder. . ў К 5i 40 45° 
Aluminum Hydrate, Ground 13% Chromic-Acid, Flake oo ij cerei wea sew ies Oe ne ee 75 25° 
Aluminum, Sulphate, Granular. i sees 54 329 Cinders, (Coal, Ashes and Сізкеге)................. 40-45 350% 
Ammonium, Sulphate, Damp Granulated. . 40 45? Blast Ғатпасе............. 37 35°** 
Argols, Roasted, Риуегігей........................ 63 32° 
Clay, Dry in Lump іюове.......................... 40-100 359 
Ash, Black, Ground. ...... 105 279** “ Blended for Tile 11% Moist, Powdered .. 45 459 
* Fly, Powdered.. 45 40-459 ** D Ground; E ey ЕС» ©0100 35° 
* Volcanic, Powdere 45 459% ч Fire, Ромдегей..... 5-8 459 
орви Се * Gray, Granular......- М 50—95 35° 
Ashes of Bituminous Coal... e 35-45 40° 4 Pulverised Fire Brick. дога 100 35° 
“Damp 40-50 509 Е қ 
Арнай аа: ааа Er Res Bl, ill аты маны Coal, Anthracite, (Solid) Ж......................... OF mn Қалына шен 
s о broken of any Bue сок. 5:5 2. | 52 to 57 228 
О Beatin ile wal dun ЛОК Л И 45 ожж b p “Moderately Shaken......... 56 to $0 |.......... 
Баһыш Nuts ground.. се е ее еее. Кам a аа 
ing Dau Pu eu 4 о to 43 си. ft 
Baking Powder: 32. ic ue RIA ER A 47 38 " © Сайыы os кт 
Barvites; СЕРАЛИН а семан ва ан Далел 144 30°** Е , 7 
Basalt (Similar to Marble) & E гу: Coal, Bituminous, (Solid) ж........................ 8i Е 
Bathstone, Oolite А....... 131 5 D minus X47, slack, dry. ste EINE 40720 22 
a s и "9 / very Wet. n 50-60 33° 
Bauxite, eee without баз)... 10 “ “ broken, 1 ton, loose: occa pis 43 io 
M > ore = ала наи А 
Mine тутин е bag Peel aed 85 3194ж “ m sized: wet,or dry 
Ў ш. “ pulverized......... 
Bentonite, раіуегігей.............................. 290 4 429 
Bismuth A... eee eee a аа | inis 
Bones, Animal, pulverized ОЛ ae еее rice CRM EUR а аты 
4 * Loose, 1 ton occupies 80 to 97 cu. ft 24-10-32: | inte. ven 
Bone Char, вгоппа................................ 40 35? “Petroleum, сгивһей.......................... 33-36 27° 
Borax, Dehydrated. powdered. ... 75 409 i| 
Branco aropin Antinis nab Ee td ere nis Poe i 16726 ы | Concrete, finder Suh Portland Cement A... TOTEM 112 
4 " ravel and Sand with Portland Cement ÀA.. 150 
Brick, ot Presea А....-.....--.......2....2..1. 130 ы Trap with Portland СешелбЖ............. 155 
ommon À... 22s us s 
“ Fired... : 137 to 144 |. . 2 
“ $ 2 а Copper, Oxide, Роуудегей.......................... 190 40° 
Soft inferior А 100 “ : Sulphate, Ground É UD 75 31244 
i " o 
Brickwork, Press Briek, fne joints А................ 128 ыла ана аа 6 30 
et Medium Quslity......... 112 К 
а se, Inferi & 103 Cryolite 15” to 200 mesh, crushed. ...... 52 329 
ыы BRICA || Cullet (Scrap Glass Sized) ...... 80-120 | 25° 
| Я i? 
Calcium Bichromate, Огап... +... +... а ты іы 
* — Carbide, Spent, Powdered. 
E Carbonate (See Limestone).. Dust, fluc, Blast Ғагпасе,......................... 40 45° 
“Oxide. Powdered (See Lime 5 Foundry.. ауле 55-65 389 
n Phosphate, See Phosphates.. Limestone 4 on octet ee ИИК оторвал 55-65 389 
Carbon, ground. А E 50 d Earth, Common Loam, Perfectly Dry lance age ЕТУ 72:10:80 сахалар ze 
93 oke, erusned, sized... МЕ А 3 ae i "  Moist DEBS Ubonnovoereenr 
Casein granular: icc ыры sare obrera Bela Gates 38-43 30° w Palen, RAW es. зы rs toad It e а 42 35% 























A ° + ** See notes preceding table. 
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TABLE A7—(continued) 
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Average | Minimum Average | Minimum 
Wt. per Angle Wt. per Angle 
DESCRIPTION cu. ft. of DESCRIPTION eu. ft. о 
pounds* Slidet pounds* Slidef 
15-55:....,..... 00 eh mH rte herren 48 кз. || Оураша......................................... 142 45° 
т. Pulverized . . . 50-60 40% “ Іп Irre egular Ышпарв....................... 82 30° 
“ (Сғазһей)............................... 100 329 “ Ground, see Plaster of Рагіз,.............. 56 40° 
Ferric Sulphate А................................. 194 187 
Ferrous Sulphate (Copperas) A 19 30—40 
Flint А.......................................... 162 57.4 
Fuller's Earth (See Ғагіһ)......................... |..........|р......... Iimenite, қгапшілмед............................... 148 
Gelatin, Granulated. . 38 38° “ Fine Ground. 120 
Glass, Common and Plate 24...... 161 nn Iron Oxide Рідтепі............................... 25 
“Batch, Average Міх............. MED 100 45^ 
Ivory А.......................................... 114 J... vee 
Glue (РеПеб)..................................... 45 25° Kalsomine (powder)... . 32 429 
Gneiss, Solid д......... 168 |.......... Kaolin, Green Crushed. 64 35° 
" іп Loose Piles 90-100 |.......... " Ршуегігед..,............................. 22 45% 
Grains, Seeds and Cerenls Kieselguhr, сгивһей............................... 15 409 
Barley (48 lb. per мшөһе|)........................ 38 1......... Lead, #70 Қей............. 230 40° 
Beans, Cocoa e. 37 259 “ Silicate, Granulated 230 30° 
54 22% “ Sulphate, Basic Pulverized 184 450%% 
45 329 Ісаіһегд.................................... 59 1,........ . 
40 279 Lime, ВчачеЙе............ 60 269 
27 409 *  Burned, Pebble (sized). . 53 30° 
Beans, боу--Сгәзһей,.......................... 34 35? Lime, Burned, Pulverized..... 27 43° 
“ Whole 45-50 229 “ Fine (Spent Dry Carbid: 45 40? 
“ “ Split.. 44 259 M 17 409 
“ Burned ог Qu .. ... 50 40° 
Вгап........... 16-26 36° “ Нудйғаей.................................. 10-25 429 
Brewers Сгіз........... . 33 249 
Buckwheat (46 lbs., per bu. 34.5 25? Limestone, solid д................................ 166 1....... m 
Pulverized. . . 85 429 
Clover Seed (60 lbs., рег м.)..................... 48 289 “ Mixed Sizes. . 105 35° 
Cocoa Мїбэз............... .. 32 26° “ Coarse, Sized. 98 25° 
Cocoanut Meal..... 32 38? 
hredded 25 279 Liquids 
Lic MEM 40.3 
Coffee Beans, Green eese hh rna mehr hr ras 42 25° Benzine.. ... 53.1 
“Steel Cut..... 28 239 Milk... 64.3 
Corn, Field (on cob)........ .. 45 20° 
“ Shelled (56 lbs. per Бі).................... 45 219 Мар4Һа........................................ 53.1 
Oils, Vegetable 58.7 
Corn БіаКөз.................................... 12 229 Oils, Міпеге!................................... 87.1 
ч Germ . ee 25 25? 
“ “ 25 36° Рейгдешп..................................... 54.8 
“ Grits 40 24° Tallow 58.6 
_ Turpentine 54 
Cornmeal (50 Ша, рег Ба.)....................... 40 35° 
Muffin Mixture.. .. 28 459 Water Pure Rain Distilled @ 32° Bar, 30 in 62.417 
Cotton Séed ТОО 25 29° “ t @ 62? F. “ “ 62.355!.. 
“ “ МеаһҺ...... 83 359 “ “ “ “ @ 2122 Е. “ “ 59,7 
Farina......... 44 29° Water, бед..................................... 
Feed Gluten.. 31 34° Wood, $риї%................. 
* Molasses 25 409 Lithapone, Granulated А 22. 
Риуегігей,............................ 
Бах Seed Сбтоопа............................... 28 35% 
Flour (пов 95. рег ba "ass 4o| 2 Masonry of Granite or Limestone, Weil Dressed 
“ Prepared Пізсііі.......................... 26 40° “ Brickwork (See Brickwork). ....... 
Metals 
Grain, Brewers Spent (Sloppy Wen.. 84 oo Jeu Aluminum Ж 
Grass, Blue, Seed (14 lbs, per bu.).. 11,5 30° Babbitt А. , 
Вгавз (7.8 Copper. to 4 . ... 
Hay in Ваев,.................................. 20 22.2... "o ШоҢедад................................. 
г bu. 6 1......... ЕР 
Hemp Seed (48 Ibs. pe 22 bee t есеге 45 219 Bronze (8 Copper to 1 Tin) (Gunmetal) A. ........ 552  |......... . 
` Cadmium Ж.......................... ee 599 
рвение z 342 Chromium А 
іпзее ed .. 25 
Maie. De. е 32 219 Copper Саз А... Mer e e heme e tense 542 ett . 
“Spent Әгу........................222.2.... 10 28° opper КоПейд.......-... 2 tenet 
Spent Dry Gold, Cast Pure ог 24 Кагтабд...... ............ 1204 еее ее... 
. 5 о Iron, Cast Д....... ........ 44 
Malt Sugar (Отоопа) Пувтозроріе оар ар | gre Iron Ore, Иста, Мане И... 185 
› Bel. seien 26 219 MED UE M 
Oats, 32 Lbs. Per Bushel 18 289 Lead, Commercial Ж......................... ... 710 
9 32° Magnesium Д............................. 2... 109 DAP 
14 38° Magnesium Sulfate (Epsom Salts) Crystals. ... 55 25° 
50 20° Manganese А................................... 475 |.......... 
Rye (56 Lbs. Per Ви.)....... 45 23? Mercury at 32° Е,А............................ 849 
Timothy Seed, (45 Lbs. Per Bu). . 36 289 Nickel А......... 537 
Wheat (6 01, bs, Per Bu). 48 239 Шіуегд....................................... 655 
Germ.......... 32 309 
* Ағошпа........................... 82 36° Steel Д...........................›..,........ 489.6 
‘Tin, Cast A... : 459 _, 
Granite Боа А... ааа. 159 |.......... Zine or Spelter 437.5 
Granite, Gneiss Ж... .. 115 1.......... 
Ствуе!........... 120 809 Miea, Solid д.................... emn rn 183 ]......... 
Green Stone, Trap, Solid А................ .. 187 |.......... Ground., . 13.5 36° 
“4  Quarried іп Loose РИев........... 107 35? Milk, Powdered......., Peete ene etter et teens 40 45° 








А * | ™ See notes preceding table 
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TABLE A7—icontinued) 
Average | Minimum Average | Minimum 
Wt. per Angle Xt. Angle 
DESCRIPTION cu. ft. of DESCRIPTION cu. ft. of 
pounds* Slidef pounds* Slidef 
Molasses, Ромдегей............................... 21 459 Starch; (Ромдйетей).; ое i ge 25-45 45? 
Molybdenumite Ore, Powdered 107 40° “ “(Lump & Pelleted)........ 30 289 
Могбат;/Нагдепейы;:,свобррмоаловлағкаталыа аға 103. лена " Tablet, Granular Crystals 40 24? 
Mud Wet Бішіа................................... 108. аа ыла Straw in Вайев.............................4....... оё. Жылу 
Майн апа Spikes, 106 Lbs. Per Кек................. Jen eru 5'''- || Stucco (Tubed and Untubed), Powdered............. 50 36? to 38? 
Nitrate of Soda, Pellet Туре Granular... 68 24 Sulphur, Ризегігей............................... 50 459 
" Соатве EEEE E uses iE EE те і 32° 
Nuchar, Granular) оз ораев re ее can 2 20: | 
Basten: уне: ЫШКУ нарын дем ақ НЕНКО ВА 2 б те 40-50 459 
и А 5 5о 
Phosphate, row dered. see о 6 " 2 “ powdered. D 33 EM 
Jiealcium, Granular . Б D ‘ =]; ` 
= Super. Ground ея 51 45° © Tailings... 57 38° 
и "'i-3oaium, Granulated... 60 269 
Б Tri-Sodium Pulverized... 50 40° Tale, Solid (Soapstone) Ж.......................... 169 ee 
s Hoc de [e menter 200- . "I ste ue exe * Micaceous, Granulated 62 36? 
с Fiorida #20 Mesh, Air Cleaned. 93 27? TTankage; Ground sii дажжал екЫ, TER VIS 49 32° 
M Mono Calcium, Роуйегеай............... 61 40° 
р 5 ТАА decd el EPHTEEE 18. - Pe 3 
Phthalic Anhydride, ИаКку......................... 42 24° Tartaric Acid (Cream of Tartar), Granular. 60 35° 
Pigment (For Rubber Tires) Powdered. .. 52 45 Tin, Oxide, Ground. „иене, 100 359 
PRA. satis iar. eee e ui ee AB 10 на 
А 7 Titanium Dioxide (paint t pigment), powdered......... 25 459 
Plaster of Paris. Powdered 50 40? үораесо Stems, Chopped, Coarse........... di 10 23° 
Potassium, СҺМогідед.............. 124. А ap, КоскА.... ИН 187 /|.......... 
ИТТЕР аа eyed og Loe 167. ишген ~ Quarried, in Piles. РЕ 
Tripoli (Роуаегеа),............................... 80 40° 
Powder: Faces. аа Ма a D eR d 36 45? i j 
Powder, Pudding.... 40-45 36-409 Vegetables and Fruits 
Pumice, Pulverized 40 459 Apples (56% per Bushel) Ws oen edet raten si e e (ERES Bd Жаз nl eg 
Dried (22 Bushel : T. o s o ЕКОЕ 
Pyrethrum flowers, coarse ground 20 309 Beets, Shredded ler aue ны Ad tris 16 31° 
“spent flowers........., 32 40° 
Pyro; Powdered es орь ыва АЖИ КАГА» 56 33 Onions (608 per Bushel) eee re М: 48 
5 Peas (64 Lbs, Per Вияһе)........................ 51 
Quart BREE oso СЫ 1659. | заем 
Resin, Synthetic (from plant), Crushed.............. 40 30° Potatoes (60 Lbs. Per Бизһе|).................... 48 
Resin and Wood Flour, Рожйегед................... 19 40° А 
Сорга, Medium Sized Ріесев..................... 33 209 
Rock, Phosphate Ра ало МАДРЕ 60 40° А, Meals Ground а ва ъз зе быша будын 40 39° 
бола A.. 200: . lakes ге Expeller Cake Ground. . 32 30° 
“  Klorida Phosphate #20 Mesh Air Cleaned 93 2T? dd Expeller Cake Chopped 29 20° 
Rosin (From Crude Turpentine) Д.................. бта аа Walnut Shells, С d (320 Mesh 21 559 
Rubber, Scrap (Огойһа)........................... 23 35? Wax, Bees A. an томы . ( MUS s ) Ирен ОК И 60 А, 99 ет 
Rutile, Red Oxide of Lead, Fine Ground КЕ 182 32° 
UC Powdered =. аана кета Шалап 107 409 Woods 
Salt, Granulated а doe cet екеу е жала алын, 81 31° Gedars siste Neon Gh nre Uni neu TEE o қ а 2 
и. Rock Crushed;Bized. c. orecchie аж andre 75 259 Cherry (Perfectly Огу).......................... 44 
Sand, Mine run.. 90-120 359ж% Chestnut Сту) r ce РИМА Е 30 
Бала, Coarse size 90-100 30? 
“ Very бпе. . 90-110 329 Chips (Diy ел detis debct ДЫ А iit T eds 15-32 229 
"Core... ee es 65 39° СУргевв AM 32- ааа 
“Voids Full of Water... . 110 to 130 45°** Elm (Perlectly Dry) еее dorir Лан аа өрті $9. usi. 
Sandstone, боласа ду ана еқ тра E TEE EO 147 i | 
p Quarried & Piled.. 182 г ане а Бы) E PIECE PENES 
ЕВА кше аа зада aie et e Bae sve maur etg ue S Hickory (Perfectly Бгу)......................... 
Shinles; Slate dk «rst ERIS IE bed PE aoe Rer TN 1027 a ыла Я : 
ЕПех........ 70 449 Lignumyitae; Еу; сауы а карсы тала Seg eus 
Siliea, Flour 80 459 Locust, Dry 
Mahogany; ju она л wr а Vibe ne tercer 
Slag dk ert y eiue vete ТТТ 160 (0180|.......... 
“ Furnace Granulated. 122 25° Maple; Буы жазын танара КЕК R Eat geri 
“Birmingham а sl R e eee ee ae es 82 25° Oak, Live, Perfectly Dry 
* Red, Perfectly Dry 
Slate, Solid Же с>. d TUE er sed ie Deae ЛАР re OR OP тә КУРО 
* Fine Ground.... 35 Е 
5 d Пу: ГИ е аа 27 
а Granules, Flaky. 87 28° Pine, White Perfectly Әгу...................... 
“ В 5 5 и Yellow Perfectly Dry Short Јевї............. 38 m 
9 ҒАН ЕТЕНЕ ET eis la Е 45 459 “ е Гетеа сЕ 44 1 
Snow (Fresh ҒаПеп).............................. о |ыс бұт» 
*" (Moistened) Compacted Ву Каш.............. 15 #050 |....... қ Poplar, Dry....... V Cad n RE ERO алыбы Ed E QU 7 ulis sem hue 
Red Wood, California Dry... 26 М 30:55 Saas жже М 
Же EEEN ЕТА 10-30 36° 
Soap Сыра» уг олова 5-15 28-32° Sawdust, Dry j б 
Soapstone, Тас cune кесек К КЫСКЫ, 169. лас Е Ground 20 45° 
Fine Ground 60 409 
Shingles Рег 1000, Short 900 Lbs. Long 1400 Lbs.... |..........l. 
Soda Ash, Light.. 25-35 379 | Spruce, Dry, California. . 25 
Dense.. 66 329 | Sycaraore (Perfectly Dry). А 31 
P я m band {1 ls 50 229 
ү, “ and Silica San to 1.85) 80 299 
‘ А 5 Walnut, Black (Perfectly Оғу)................... 42- "eesess 
* Bicarbonate: 2.224 ад ое eng dete ee Eas 30-55 42° Wool Mineral "E 10 305 
Sodium, Aluminate Огошп@........................ 72 25-509 || 2198 бук taunted’ Granular, ^ 252 Эзе 
Antimonate Сгивлһей...................... 49 31°** и Овал Дъ E АЕ 20 45? 
“ Carbonate: Powdered (SodgcAshy. изу ыша ТТР ИТЕ " Leaded, Ground.. р : 25-40 509 
Е itrate; Granular i... cerne 68 249 “ Powdered... eda ие oie ae eee 2 49 
+ Phosphates, See Phosphates Sulphate, Powdered 7 Е 
“Sulfite, Ромдегей......................... 96 40° 
Е Sulfate (fne апа 1штрө)................... 88 31? Zonolite, Fine, СОтапшаг............................ 7 30° 


























№ 9 t ** See notes preceding table. 


= 





Data of Stephens-Adamson Co., Catalog 66, Aurora, IL, 1954. See also Table Б.З. 
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TABLE A8. Petroleum Products, Typical Compositions 








Summary of Product Types Produced From Petroleum 





Number of Carbon Atoms 
Boiling Point of Normal 
Paraffin at 760 mm 


Ca Cr} Caf Сә | Саа | Cuf Cio [Cis | Cia | Cis | Сав | Сы] Cis| Cio] Сә) > 
-42 ©» с 60 98| 126| 151 | 174| 196) 216 |235 | 253 | 270 | 287 | 302] 316| 329| 343| Cz» 
—44| +31| 97156 | 209| 258) 303 | 345 | 384 | 421 |456 | 488 | 519 | 548 |575 | 601| 625| 649 








Liquefied Petroleum бав........................ 
Precipitation Naphtha.... 

VM&P Naphtha....... 
Mineral Spirits 





Reformate........ 

Gasoline............... 

Kerosene, Diesel Еше!........................... ————— Áo 
Aviation Turbine Емеі.........................1 ee 


Gas ОП, Fuel Oil 
Transformer Oil.. 


Lubricating Oil .............22....2... 
Asphalt, РиеҺ.........................2..7.... 2... | 














Source: Humble Oil Co. 


Appendix B 


EQUIPMENT SPECIFICATION FORMS 


Specification forms make provision for key data of the equipment 
and its position in the process, including design characteristics and 
required performance. A major purpose is a basis ior price 
quotations by suppliers of the equipment. 

Although a few forms have been prepared by industry-wide 
organizations such as TEMA, Hydraulic Institute, and API, most 
have been prepared for their own use by engineering contractors 
and design divisions of chemical process organizations. Most private 
firms have their own libraries, but the merits of some forms have 
been recognized and copied widely so that much uniformity exists. 

The selection of forms in this Appendix is made available 
through the courtesy of individual companies identified on each 
form, although one major contributor did not wish to be identified. 
They have been collected over a period of time and consequently 
may not be the latest forms in use. For the most part, only the most 
often used kind of equipment is represented, except for the few 
items in category K. 

A related kind of information is the suppliers inquiry forms of 
Appendix C. 

Following is a listing of the equipment specification forms, 
included in this Appendix. The number appearing in italic is the 
page number on which the form appears. 


А. Agitators and mixers 
1. Agitator data sheet 682 
2. Agitator specification sheet (2 pp.) 682 
3. Tank mixer, top entering 683 
4. Tank mixer, side entering 684 
5. Syphon pump (mixing tee) 684 
B. Compressors (sec also items 44 and 45) 
6. Centrifugal compressor specification 685 
7. Reciprocating compressor specification sheet 685 
8. Fan or blower data sheet 686 
9. Vacuum pump data sheet 686 
10. Steam ejector data sheet (2 pp.) (see also item 22) 687 
C. Drivers 
1i. Electric motor data sheet 688 
12. High voltage induction motors (less than 1500 HP) 688 
13. Gas engine data 689 
14. General purpose steam turbine specification 689 
15. Gear drive data sheet 690 
D. Heat transfer equipment 
16. Exchanger specification sheet (TEMA) 690 
17. Air cooled exchanger specification sheet 691 
18. Fin fan heat exchangers 691 
19. G-fin tank heater specifications 692 
20. Compressor cooler data sheet 692 
21. Plate and frame exchanger specification sheet 693 
22. Steam surface condenser and ejector data sheet 
(4 pp.) 693 
23. Fired heater specification sheet 695 
24. Wiped film evaporator data sheet (4 pp.) 696 
25. Rotary vacuum dryer data sheet (2 pp.) 698 
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26. Boiler data sheet 699 
27. Package boiler data sheet 699 
28. Induced draft cooling tower 700 


. Instruments 


29. Instrument specification 700 

30. Differential pressure type flow instrument 701 
31. Temperature and pressure instruments 701 

32. Level instruments specification sheet 702 

33. Gauge glasses and cocks specification sheet 702 
34. Control valve specification sheet 703 

35. Valve operator specification sheet 703 

36. Relief valves 704 


. Pumps 


37. Centrifugal pump data sheet 704 

38. Centrifugal pump 705 

39. Reciprocating pump specification sheet 705 

40. Rotary pump data sheet 706 

41. Rotary pump data sheet (2 pp.) 706 

42. Motor driven proportioning and reciprocating pump data 
sheet 707 


. Refrigeration 


43. Packaged refrigeration system 708 

44. Reciprocating compressor 708 

45. Positive displacement rotary compressor 709 
46. Flowsketch 709 

47. Instrumentation and controls 710 


. Solids handling equipment 


48. Vibrating feeder data sheet 710 

49. Screw conveyor data sheet (2 pp.) 711 
50. Bucket elevator data sheet 712 

Solid fluid separating equipment 

51. Pressure leaf filter 712 

52. Intake air filter 713 

53. Line filter specification (2 pp.) 713 

54. Centrifuge data sheet (2 pp.) 714 

55. Vibrating screen data sheet (2 pp.) 715 


. Vessels 


56. Column specifications 716 

57. Bubble tower specification 717 

58. Vertical vessel data sheet 717 

59. Horizontal vessel data sheet 718 

60. Glass lined vessel (2 pp.) 718 

61. Fractionator tray design data sheet 719 
62. Tray specification 720 

63. Tower internals data sheet 720 


. Other equipment 


64. Chlorination system 721 

65. Coalescers 721 

66. Deaerator (spray-tray) (2 pp.) 722 
67. Demineralizer 723 

68. Cation or anion exchanger sketch 723 
69. Air dryers (heatless) 724 

70. Mechanical scale data sheet 724 

71. Rotary valve data sheet 725 
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CATALY TIC. CONSTRUCTION CO. 


60-532, 2-56 


ENGINEERING DIVISION 


AGITATOR DATA SHEET 


JOB NO. 





CLIENT. 
LOCATION 
NUMBER REQD. 


SPEC НО. 
ITEM NO. 





BY 
REVISION, DATE 


PERFORMANCE DATA 


AGITATOR APPLICATION 

ТҮРЕ OF AGITATION 

FOAMING TENDENCY 

WORKING CAPACITY- (BATCH OR CONTINUOUS, MIN. 4 MAX.) 
MIXING CYCLE 


MATERIALS TO BE MIXED 


COMPONENT | YOLE | кат SPECIFIC с 


WIXING TEMP. 
DES) ALTITUDE 
тҮ HRS/DAY 














WE TO 


| mson ZY | | | 
Жан EMO кеті 


SETTLING VELOCITY FT/MIN 


SOLIDS IH FINISHED MIX 
PARTICLE SIZE 





AGITATOR IN OPERATION DURING FILLING 
VERTICAL DISTANCE: VESSEL BOTTOM TO DRAW-OFF 


, DURING DRAW-OFF 





ADDITIONAL HOTES & DATA 





VESSEL DATA 


VESSEL i TEM. NO. 
CAPACITY. GAL., DESIGN PRESSURE 


PSIG e TEMP, 


SKETCH OR DWG. HO. 
Р, — MATERIAL 


CLEARANCE AVAILABLE FROM MOUNTING FLANGE FOR INSTALLING OR REMOVING AGITATOR 


DIMENSIONS OF LARGEST OPENING TO PASS IMPELLER 





WO. & DIMENSIONS OF BAFFLES REQ 


VENDOR'S UNIT CHARACTERISTICS 


MARUFACTURER 


OUTLINE DWG. NO. 





TYPE QR MODEL 
DRIVE TYPE (DIRECT OR GEARED) 


SECTIONAL DWG. NO, 





IMPELLER: TYPE 
R.P.H. HA 
SHAFT: LENGTH. BELOW MOUNTING FLANGE 
IMPELLER SHAFT SEAL TYPE 
BEARINGS TYPE 
COUPLING TYPE 





MATERIALS 


SCRAPER BLADE 
STABILIZER RING 





IMPELLER SHAFT 
MIXER DRIVE HOUSING 
MOUNTING FLANGE 
PACKING 





LUBRICATION TYPE 
MOUNTING: TYPE & OPER. ANGLE 





GLAND 
LANTERN RING 





W0.:& TYPE STEADY BEARINGS 





COUPLING 





ELEC. MOTOR: MANUFACTURER 





GASKET 





TYPE FRAME КО, В.Н.Р. 
VOLTS, PHASE, CYCLE, R.P.M. 








MECH SEAL 





STEADY BEARING 





STARTING CURRENT FULL LOAD CURRENT 
POWER FACTOR 


WEIGHT: AGITATOR 
WEIGHT: MOTOR 


































AGITATOR 
SPECIFICATION SHEET 


Page 1 of 2 

















Project 
1 Service of Unit Pos. No. 
2 Number Required Location 
3 Type Mounting Manufacturer 
4 Model Мо. 


PROCESS CONDITIONS 





Class of Operation 








7 Type of Agitation Period of Agitation 








C Cycle: Batch: Smallest gal. Normal gal. 
Max. gal. 
9 Continuous: Rate of flow GPM 


10 Liguid Liquid Solids or Gas 
11 Material 
12 Quantity 































































13 Viscosity ср © ^F cp °F Mcp@ oF 
14 Specific Gravity e pb °F @ °F 
15 Components 
16 Solids Characteristics: Size Description 
17 Mixture Characteristics: Sp.G. e ^F Viscosity сре 
18 Foaming Tendency Separation Time hr. 
19 Operating Conditions: Normal Temp. «ғ Press. psig 

Max. Temp. ..— — —*F Press. —________ psig 
20 Vessel Volume: Gals; Diam: ; Str. Shell: 








21 MECHANICAL, DESIGN DATA 





























22 Vessel Ref. Drawing: { Attached) 

23 Impeller Type: ; No. 1 Size in; Speed rpm; Spacing іп. 
24 Shaft Length in. Diameter in. 

25 Bearing Type: Shaft Foot 

26 Seal Type Seal Flow 

27 Seal Mtr. 

28 Lubricator Type Lubricant 

29 Coupling Type: Motor Reducer Shaft 











30 Stuffing Box Type 
31 байыт... Bafíles: No.: Width: 
32 Mounting Nozzle; 
Size of Nozzle for Impeller Installation: 





Rating: 













INITIATOR DRAWN BY CHECKED BY  |DES SUPRV. 

















DRAWING NO, 


E!00G! (4-71) 


£89 


DRAWN BY CHECKED BY [STU 


i 
i 
REV j ay | снкр (биғяу|| DATE |APP'R'Y 





REMARKS 































AGITATOR 
SPECIFICATION SHEET 
Page 2 of 2 
34 -DRIVE DATA. 
35 Driver Type: rpm: hp: Manufacturer: 
36 Current Characteristics: Y ph cycles; Type Encl, 











Frame: 








37 Starting Torque: — Ри] Load Amps: 
38 Speed Reducer Type: 


NEMA Code Letter: 











39 Expected Noise Leve! (Measured 3 ft. from Source) dB 
40 
Al MATERIALS OF CONSTRUCTION 





42 Impeller. 
43 Impeller Shaft 
44 Impeller Shaft Coupling(s) 

45 Mounting Flange Seal 
46 Mounting Flange Facing 
47 Seal Faces: Rotating 
48 Stuffing Box 


Lantern Ring 
Packing Gland 
Packing 

















Stationary 








49 REMARKS 


50 
51 
52 
53 
54 
55 




















2. € ЕМЕ 

















E!00G! 44-71) 


Agitator Specification Sheet—(continued) 


ш о ~ Ф л һм —– 





TANK MIXER TOP ENTERING (TYPICAL) 





SERVICE: 
FEED TO TANK: COMPOSITION/ CONCENTRAT I ON. 
SOL 105: TYPE/ CONCENTRATION. 
OPERATING PARAMETERS: PRESS. 


1 NDOOR/ OUTDOOR: ENGL ISH/METRIC UNITS 











TEMP. 











SP. СА. е ОР. TEMP... eMAX. VISCOSITY е OP. TEMP. &MAX. 
DESIGN PARAMETERS: PRESS. TEMP. DESIGN LEVEL с ————— 
ТАМК- ІТЕМ NO. CAPACITY SIZE 

DESIGN BAFFLES. 
TANK МІХЕН-ІТЕМ NO. QTY. 

MANUF, MODEL NO. 








REDUCT. GEAR EFFIC. 
DESIGN LOADS: TORQUE 


SERVICE FACTOR... CAL. PRI. PUMP ING CAP. 
STATIC MDMENT 

















DYNAMIC MOMENT DOWNWARD WEIGHT 
FIRST CRITICAL SHAFT SPEED OP. SPEED STEADY BEARING: YES/NO 
IMPELLER: SIZE ко. ТҮРЕ MAT'L. OF CONST. 
ACTUAL Н.Р. ABSORBED 6 IMPELLER PITCH... REMOVE IMP. THRU 








SHAFT: DI AMETER LENGTH MAT’ L. OF CONST. 
OUTPUT SHAFT BEARING: TYPE... AFBMA 1-10 LIFE. LUB. TYPE 
OTHER BEARINGS TYPE_ АРРМА 1-10 LIFE — LUB. TYPE 
MOUNTING FLANGE: TYPE. SIZE MAT' L. OF CONST. 

SEAL TYP Er ee МАМЕ. MODEL NO. 
MAT' L. OF CONST: ROTATING FACES« INTL' S, METALLIC FLEX. 


BALANCED. YES/NO: TANK SHUTOFF. YES/NO, FLUSH FLUIO 
SEAL DESIGN: PRESS. TEMP. 

GEAR HOUSING: V-BELT/GEAR. MAT’ L. OF CONST... AGMA GEAR CLASS 
TYPE OF SUPPORT GEAR BOX LUB. TYPE 




































































Motor: Item No. Mfr. Model No. Qty. 
Area Class Gr. - Div. /Non-Hazardous: Volts Phase Hertz 
Enclosure Insulation ; Temp. Rise OC above OC By е S.F. 
Space Heater: Volts ——— Phase Hertz 

Current Eff. [P.r. {Еи Brg. Allow-Thrust]Space 
Item | НР | Fuli [Locked] 4 | 3. T Load | Frame | Lub. | Weight Up/Down Heater |S.F. 
№. | КН | Load | Rotor | 4 |4 4414 {RPM | №. | (1) | LB/KG LB/KG Watts 
Mi Ж i oe 
WEIGHT: SHIPPING INSTALLED 
PAINT SPECIFICATION 
NOTES: 

VENOOR TO SHOW LOC. AND TOP VIEW: SHOW LOC. OF 





ANGLE. | DIMENSIONS: MTG.FLG: DIR. OF ROTATION 


1 
2. 
3. 
4. 
5. 
6 
1 
8 












| MANAGING OFFICE | ENGINEERING OFFICE 





















































E DATA SHEET/SKETCH 
“4 CLIENT. 
fy LOCATION JOB NO. 
(ТЕМ. 
ITEM NO. SPEC. М. 
мо. DATE | ENGINEER | CHK/REVIEW | APRROVE | pray, NO, PAGE ОЕ 
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TANK MIXER SIDE ENTERING (TYPICAL) 








SERVICE: INDOOR/ OUTDOOR: ENGL ISH/METRIC UNITS 


FEED TO TANK: COMPOS! T10N/CONCENTRAT ION. 




















! 

2 

3 | SOLIDS: ТҮРЕ/ CONCENTRATION. 

4 OPERATING PARAMETERS: PRESS. nmm ТЕМР, 

5 SP.GR.Q OP. TEMP,_____ ®MAX.___  VISCOSITY © OP. TEMP. СМАХ. 
6 DESIGN PARAMETERS: PRESS. nmm TEMP, CU DESIGN LEVEL 

7 ТАМК-ІТЕМ NO, CAPACITY SIZE 

8 DES VGN ВАРЕГЕЅ 

9. -) TANK MIXERS TEM МО жы OOTY 
10 MANUF, MODEL NO. 

11 REDUCT. GEAR EFFIC,__.____ SERVICE FACTOR... CAL. PRI. PUMPING САР. 
12 DESIGN LOADS: TORQUE. STATIC MOMENT 

ІЗ DYNAMIC MOMENT —————— DOWNWARD WEIGHT 

14 FIRST CRITICAL SHAFT SPEED OPER. SPEED 

15 PROPELLER SIZE. TYPE. MAT’ LL. OF CONST. 

16 ACTUAL Н. Р. ABSORBED е PROPELLER———— PITCH REMOVE PROP. THRU 
17 5НАҒТ: DIAMETER. LENGTH MAT' L. OF CONST. 

18 OUTPUT SHAFT BEARING: TYPE. АРВМА 1-10 LIFE LUB. TYPE 
19 OTHER BEARINGS: TYPE. AFBMA 1-10 LIFE —LUB. TYPE 
20 MOUNTING FLANGE! ТҮРЕ. SIZE —— MAT’ L. OF CONST. 


а RIGHT/LEFT HAND MOUNT: DIR. ОҒ ROTAT. FROM MOTOR END 
22 ЕАБР МАМЕ, МЕ NO. 

23 МАТ” L. OF CONST: ROTATING FACES: . . INTL’ 5, METALIC_________ FLEX. 

24 BALANCED. YES/NO: TANK SHUTOFF. YES/NO. FLUSH FLUID 

25 SEAL DESIGN: PRESS. TEMP. 

26 GEAR HOUSING: V-BELT/GEAR.MAT' L. OF CONST.______ AGMA GEAR CLASS 

21 TYPE OF SUPPORT. GEAR BOX LUB. TYPE 


21 ANGLE -6- 












































28 |Motor: Item №. Mfr. Model No. Qty. 

29 | Area Class Gr. Div. /Non-Hazardous: Volts Phase Hertz 

30 | Enclosure Insulation ; Temp. Rise 0С. above 0С Ву __@ SE. 
3| | Space Heater: Volts Phase Hertz 

32 Current Allow-Tnrust[Space 

33 Up/Down Heater 

34 Watts 

35 ЕАО нее 





WEIGHT: SHI PP ING. 
37 | PAINT SPECIFICATION 
38 | NOTES: 































VENDOR TO SHOW LOCATIONS 
AND. ANGLE. 
DIMENSION: 














| MANAGING OFFICE ENGINEERING OFFICE 





DATA SHEET/ SKETCH 





CL TENT. 
LOCAT ION. JOB NOW 























ITEM. 
IVEM NO.. SPEC. NOW 
p [е] әле | емімен | RE N, но. 














CHECKED BY DES SUPRV. 


DRAWN BY 


INITIATOR 


© 14089 


REMARKS 





SYPHON PUMP (MIXING TEE} 
DATA SHEET 


PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 








EQUIP. POSITION МО. 





SYPHON PUMP NO. 





FLOWSHEET NO. 
PROCESS DATA 
INLET FLUID #1 
DESCRIPTION 
SPECIFIC GRAVITY 
VISCOSITY; CP 
PRESSURE; PSIG 
TEMPERATURE; °F 














FLOW 

INLET FLUID #2. 
DESCRIPTION 
SPECIFIC GRAVITY 
VISCOSITY; СР 
PRESSURE; PSIG 
TEMPERATURE; °F 
FLOW 

OUTLET 
TEMPERATURE; °F 





























MATERIALS of CONST'N. 





MANUFACTURER 
SIZE МО. 
PRESS. INLET 
SUCT. & DELIVERY 























JOB NO. PLANT LOCATION 
PROJECT NO. ВЕР. DWG. NO. 
TITLE 





SEE ABOVE LIST 








POSITION NO. - SEE ABOVE LIST SERIES STEP NO. 











DRAWING NO. 
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GENERAL ENGINEERING DIVISION CENTRIFUGAL COMPRESSOR THE C.W. MOFSINGER COMPANY 
FORM 68-59 5m 7-94 G5, SPECIFICATION SHEET NO. _ EN KANSAS CITY, MISSOURI 
tHe FLUOR CORPORATION uro. БАСЫ т 









































































































































































































































































































































































































































































































































































































































































































































НН 
VENO SPECIFICATION SHEET BEFORE RETURNING т нү RECIPROCATING COMPRESSOR rac d А 
ITEM МО. + SERVICE JOB NO. = 
NO. REQ'D. DRIVE MANUFACTURER: SPEC | F | CATI ON SHEET CWN 108 ко. 
GAS HANDLED 5 SIZE & ТУРЕ 3 азады; SSTAGES 0 CUSTOMER. м CUST, JOB NO. 
CORROSION FACTORS — ai оын DESCRIPTION | ` LOCATION DATE 
OPERATING CONDITION | н a "m COMPRESSOR MATERIALS 000002 SERVICE 0 а NO. кіні BY 
UR EDI і pe E . uii S жаны SE 
crm @ INLET coups Ms 2 2 OPERATING CONDITIONS CONSTRUCTION DETAILS 
__ мт. FLOW, LBS/HR. — L. РЕ -L ДІӘШОЕ VANES | s ен - - VAPOR ~ GAS MOL. WT. (INCL H20) FRAME RATING: HP RPM 
iMscrD) (зсєм)* E ЕВ cu INTER: STAGE LABYRINTHS 6 ----- ELEVATION, Ff. BAROMETER, PSIA LUBE: TYPE RESERVOIR CAP.MIN 
YEMP. muer, *F oe Бе = [мЕнЕн Нива а covers INDOOR - OUTDOOR HEATED: YES - NO FLOW, GPR TEMP. IN/OUT, OF 3 
оззсн. °F of 2 Е IMPELLER VANES =~ reus CORR/EROS PROPERTIES WATER: GPM TEMP. IN/OUT, °F 
INLET, PSIA _ 7 SHAFT NORM l RATED WEIGHTS: COMPR DRIVER 
__ овен. PSIA _ T SHAFT sleeves | WHSCFO/SCFM (14.7 PSIA-60 ОР) FLYWHEEL SHIPPING _| 
овен ва р - — —. {garance DRUM ов DISC WT.FLOW, LB/HR | TESTS: ЗНОР INSPECT PERFORMANCE 
COMP, RATIO m H Қ d v CONSTRUCTION DETAILS m SUCTION, PSIA AT °F HYDROSTATIC, PSIG WITNESS 
MOLEGULAR WT. ЕВА ТЫЗ р cs САЗЕ: SWE PSIG. MAX, HYDTEST. pais DISCHARGE PRESS, PSIA ACCESS: SUCT. VA. UNLOADING, MANUAL -AUTO 
SP. GR. (AUR) Е ЖАСТЫ SPLIT: (HORIZONTAL: VERTICAL: BARREL) ae [10] CP/CV, к (SUCT) CLEARANCE POCKETS, FIXED-VARIABLE 
REL. HUMIDITY, % Е SUPFORT: (FOOT: PEDESTAL: BRACKET) 11] COMPRESSIBILITY, Z (SUCT) -- OUTLINE DWG.NO. API 618: YES-NO 
UK" VALUE, СРИСУ 4 niei =. IMPLELLER: TYPE: (OPEN: SEMI -ENCLOSED: ENCLOSED) ` PERFORMANCE (EACH STAGE) 
COMPRESSIBILITY, «z^ _ Т CONSTR: (CAST: FORGED: RIVETED: WELDED) __ [12] STAGE - CYLINDERS/STAGE. SS | 157 240 
ELEV., ABOVE SEA LEVEL 2 DIAMETER ', VANE THICKNESS 13| DISCHARGE PS1A/2 
ОНР (INCL. GEAR LOSS) SHAFT: DIAM. ATIMP AT BRGS NI: RPM 
RPM _ A _ SPAN: C-C BRGS ^^, IMP OVERMANG MEETS [15] ВОВЕ & STROKE 
IMP, TIP VEL, FPS m TUS Hs CRITICAL SPEED = - пем CYL. DISPLACEMENT, АСЕМ 
WATER RATE, #/HP/HR ы. ENS BROS; LOCATION (INTERNAL: EXTERNAL) | CLEARANCE, % 
RADIAL: TYPE i PROJ. AREA sa” COMPRESSION RATIO 
MAX. CAP., CFM @ INL. eet 3 MAX, BHP THRUST: TYPE ; EFF. AREA sa” VOLUMETRIC EFF. 
MIN, СЕМ, (SURGE POINT) а SEALS: | Б CAPACITY, MNCFD 
CONTROL: (SPEED: SUCTION VALVE! INLET VANES) У үт ВНР /STAGE 
SOURCE; (MANUAL: FC: РС: TC) COUPLING CPLO GRD: ves. NO 22| VALVE: ТУРЕ 
STEAM: PRESS. PSIG; TEMP. ^ei ЕХН. BASE PLATE: — — es 23 LIFT (IN/OUT), MILS 
POWER: voLTs: тн. CYC., COOLING WATER 24 GAS VELOCITY, ЕРИ 21 
MFGR SHALL SUPPLY THE FOLLOWING DRAWING NO. ЖЕ NOZZLES sux | nanne | racic | Locarion TEST PRESS (WORKING P x 1.5), PSIG 
PERFORMANCE CURVE n mur -] ROO LOAD: TENSION, PSI 
SECTIONAL DRAWING um 4 pIscHARGR M COMPRESSION, PSI 
үнс ГЕТЕ: pum IN INTAKE NOZZLE: Si2E-RATING-FACING | | 
ИЖЕ и DISCH. NOZZLE: SIZE-RATING-FACING 
LUBRICATION SYSTEM COMPRESSOR WEIGHTS _ типа. EXHAUST 76 
COMBINED WITH DRIVER: YES, NO WT. TOP HALF a8 tes CYLINDER/LINER E 
TWIN оп, COOLERS мт. ROTOR _ __ Las |ткбтё+ MECHANICAL RUN IN; YES. NO — PISTON/RINGS [zz 
т ` WT., COMPR. BARE 22 Las WITNESSED PERFORMANCE: YES. NO mr RODS 
MAIN OIL pume WT., BASEPLATE свя OVERSPEED JMPELLERS ТО RPM 33| VALVES/SPRINGS 
AUX. OIL PUMP x. NEN WT., ACCESSORIES LBS|  .. OVERSPEED ROTOR TO RPM ROD PACKING 
OIL PRESS, SHUT DOWN __| stirs wr. Less отук NT HYDROSTATIC TEST PRESS. рио MOTOR DRIVER TURBINE DRIVER 
QI TEMP. ALARM. FLOOR SPACE SHOP INSPECTION: VES: ко SUPPLIED BY MOUNTED BY SUPPLIED BY MOUNTED BY 
— REDUCTION GEAR МЕ. ТҮРЕ MFR. TYPE 
DRIVER! MAKE , меен. Tra E - ENCLOSURE RPM НР RPH WATER ПАТЕ, LB/HP-HR 
түге ale TYPES E wo [38| HP SF INLET STM.PRESS, PSIG: NORM МАХ 
RATED HP | ARRANGEMENT: (COUPLED) (INTEGRAL) _ S [зә | FRAME INSULATION Ё INLET STH. TEMP, ОР: NORE НАХ 
И кен [tow spero SHAFT. ar „RPM ЖІТТЕТТЕЕГДІЛ ІЛЕ ЛТНІЗЫЗ EXHAUST STH.PRESS, PSIG: NORM WAX 
sHipeins weight | А Ge натича Е МЕЕРИ a < [41| BEARINGS LUBE BEARINGS 0 0000- LUBE 
SHIPPING POINT _ кті, __ [service ғастон 7 я DRIVE TRAIN: BY мА [ ЗЕ RATING | FACING | LOCATION | 
SHIPMENT, MONTHS LUBRICATION: Е HODEL RATIO | INLET | _ _ 
REMARKS: 0002 pour 526 _ = z TORSIONAL STUDY: YES-NO BY EXHAUST 
ЗЕ ee =. "E Б Жж SEPARATE SPEC ЇР: DIESEL, GAS jAPI-B1; YES - NO Қ 


























— VENDOR TO SUPPLY INFORMATION MARKED = 











*^STANDARD'* CONDITIONS ARE 60°F а 14.7 PSIA 
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VACUUM PUMP 
DATA SHEET 


PROCESS DESIGN SECTION 










PROCESS DESIGN SECTION AN OR BLOWER 
CORPORATE ENGINEERING DATA SHEET 


































































































































































































































































IMPELLER DIAM: RATED: Ч ТҮРЕ. MECHANICAL DATA 


TYPE: SHAFT DIAM: 
































MFG. RECEIVER 
SIZE & TYPE CAPACITY: GALS. 


ASA RATING | FACING | POSITION 























MATERIALS Or CONSTRUCTION 




















SIZE: 
DESIGN PRESS: ... — PSIG-TEMP, Е 
copep: O мом сосер: 0 

HEAT EXCHANGER: 














NOZZLES 
SUCTION 
DISCH. 
HEAT EXCH. 












L. CORPORATE ENGINEERING 
PERA 
OPERATING- CONDITIONS OPERATING CONDITIONS 
GAS: CFM AT FLOW TEMP: 
DLED: SEAL с 
“| Р. СА. (AIR = 1.0) REL. HUMIDITY AT FLOW TEMP: ниру Wer. i ROS IDA: 
< | ғошмов/нн: SUCTION FRESS: SUCTION PRESS: _ "Hg VACUUM ^ TEMPERATURE op 
8 | sTo. СЕМ: pisen, PRESS: DISCHARGE PRESS: iN SERV ВИН B./CU. FT. 
t| FLOW TEMP: OF DIFFERENTIAL PRESS: ^ T E PRONTE 
SUCTION TEM: __________% VISCOSITY: cps 
MECHANICAL DATA DISCHARGE TEMP: °є МАРОН PRESS: PSIA 
CAPACITY: BHR.) HEAT EXCHANGER COOLING WATER: 
MFG: BEARINGS — TYPE: CAPACITY: SCFM INLET TEMP: ag 
SIZE & TYPE: TYPE OF CLOSURE: | CAPACITY INTAKE: ACFM OUTLET TEMP: °F 
NOZZLES | SIZE | ASA RATING | FACING | POSITION METHOD OF SEALING: “К” VALUE: INLET PRESS: PSIG 
> A > 
& | [suction 6254] LUBRICATION: Е RELATIVE HUMIDITY: * ALLOWABLE PRESS. ОВОР: |. — PSI 
& | Гозсн. COOLING: è | avrirupe: ЕТ. 
<] [pna COUPLING MFG: 4 
ш 
p 
5 
а 


DATE 








CASE: WEAR RINGS: 
iMPELLER: 5 COUPLING: 
SHAFT: GASKETS: 





















































































SHAFT SLEEVE: COOLING SURFACE AREA SQ. ЕТ. 
PERFORMANCE олан “DUTY: BTUJHR. 

С> SEAL LIQUID SHELL DESIGN:___ PsiG-TeMP, Е 

CPLG. MFG. TUBE DESIGN: __ PSIG- TEMP... °F 









PROPOSAL CURVE МО: TIP SPEED: 
МО. OF STAGES: RPM OUTLET VELOCITY: 





МАХ. CASING PRESS: 





ТҮРЕ: 














RATED EFF: AATED BHP: ROTATION FACING COUPLING END: 
МАХ. BHP-RATED IMP, x cw O cow O 







MATERIALS OF CONSTRUCTION 


























PUMP: HEAT EXCHANGER: 









































































































































































































Е MOTOR DRIVE DATA E 
B = а CASING: IMPELLER: SHELL: 
H ITEM МО, МТО. ВУ. VOLTS/PHASE/CYCLE ә ЗНАЕТ: TUBES: 
а HP. FRAME BEARINGS: 9 SHAFT SEAL: CHANNEL: 
Е МЕС, FULL LOAD AMPS: RECEIVER: BAFFLES: 
> 
a TYPE: INSUL. LA. AMPS: LJ 
% ENCLOSURE: CLASSI GROUP D e PERFORMANCE 
E 
2 о RATED CAPACITY: "Hg, МАС. SEAL FLUID FLOW RATE: 
ш MISCELLANEOUS E о : a — ———— 
o a UMP SPEED: — RPM COOLING WATER FLOW RATE: GPM 
OUTLINE DWG. NO. ACTUALIMPELLER ОПА. NO. OF STAGES: ROTATION FACING PUMP END: 
SECTION DWG, МО, TEST CURVE NO. > RATED ВН сіоскиве Г] COUNTERCLOCKWISE Dn 
А 
FAN OR BLOWER SERIJAL NO, о WEIGHT POUNDS NET. 
= MOTOR DRIVE DATA | ACCESSORIES 
E 
a 





DRAWN BY 


REMARKS ITEM NO. МТО, ВУ 
VOLTS/PHASE/CYCLE/ 2 2 
НЫ. RPM FRAME BEARINGS: —— LUBE. 
MFG. FULL LOAD AMPS: __. SF___ 
TYPE: INSUL: LR AMPS: 


ENCLOSURE: CLASS! GROUP О 


SILENCER: 
CONTROL VALVE: 
SOLENOID VALVE: 


SEPARATOR: ---------- 









































































INITIATOR 
INITIATOR 








PLANT LOCATION 
REF. OWG. NO. 









JOB NO. 


PROJECT NO. 
TITLE 


JOB NO. PLANT LOCATION 


PROJECT NO. REF. DWG. NO. 
TITLE 

















SERIES STEP NO. 





POSITION NO. SERIES STEP NO. POSITION NO. 




















E223839 
Е217833 
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PROCESS DESIGN SECTION STEAM EJECTOR 






























































































































CORPORATE ENGINEERING DATA SHEET sucer того 
= ee - m теке 
Servica Manufacturer 
No.of Unita = Model Но. 
Type | 
PROCESS CONDITIONS КЕЗЕН | 
Non - Condensables шіһ, MW. 
Condensables Vapors (Air ete} ______ қыш. MW. 
Steam УА 
Suction Conditions at Ejector: Abs.Press. мина. Тетр — Ор 
Discharge Conditions at Ejector: psig Temp... F, 
Volume of Evacuated System сұ, Max, Evacuating Time: Minutes 
Expected Air Leakags ib fir, 
Duty hrs Јаву days week 
Steam Conditions Normal: Press paig Татар. SF, Min: Press. paig Temp. 
ты | Consumption et Rated Load [һе at Press. psig Temp.. 
5 | Water Pressure Normal: psig Min: psig Temp oF 
T] Consumption at Rated Load: gpm 
E : MECHANICAL DESIGN DATA 
то EJECTOR 181 Stage | 2^4 stage | 379 Stage | 418 Stage | 5 Stage | 8^ Stage 
Е | size 
5 
ra ee Suction Conn. Size 
af Discharge Conn. Size 








REV 





Steam Conn. Size 





Design Pressure, psig 





Test Pressure, — paig 
.MATERIALS: 

Suction Chamber 
Steam Ch 
Steam Nozzle 

Diffuser | 
BAROMETRIC CONDENSER 














; | 
5 
= |5 
ы 5 
ом 
2 jz 
= [a 
> 
я 
c 
8 
E 
5 
а 
= 
8 
а 
5 
ж 
Е 
Е 
Е 
8 
© 
8 
e 
w | 
ы Е 
е Е 
a |2 





Location: (Precondenser,intercondenser etc.) 





Size 





Condenser Water Rate gpm 
Outlet Water Temp. °F, 











inlet Water Pressure Req'd; psig 





Vapor Inlet Nozzie Size 





Vapor Outlet Nozzie Size 





Water iniet Nozzte Size 
Weiter Outlet Nozzie Size 








Design Pressure, panig 





Tesi Pressure, peig 
MATERIALS: 

Shell 

Battles 

Spray Nuzzle 





—{i—t 














SCALE 
зав ко PLANT LOCATION 
PROJECT НО REF. DWG.NO. 


TITLE Ж, BLOG, KO, 


STEP НО. 

















POSITION NO, SERIES 














DRAWING NO. 


м 























CHECKED BY 


DRAWN ВУ 


INITIATOR 





REMARKS 


DATE |APP'R'Y 


CHKD [SuPay, 


BY 


REV 


















CORPORATE ENGINEERING 
MECHANICAL DESIGN CONT'D. 









STEAM EJECTOR 
DATA SHEET 





SHEET 2 of 2 














SURFACE CONDENSER 





Size 

Surface Area; sq.ft. 

Tubes; No.x 0.0.x ВМС x Length 
Water Flow Rate; gam 

Water Temp, т/ош ор 

Water Side AP; psig 

Tubeside Nozzle Sizes; in /Out 
Sheliside Nozzle Sizes; In /Out 
Design Press;psig Shell /Tubes 
Test Press; psig Shell /Tubes 
MATERIALS 

Tub 
Tube Sheet 
Channet 
Sheli 

Sheil Bafflea 








impingement Plate. 


tocation. Precondenser, Interccondenser, etc, | 











































REMARKS 





1 Unit to have complete stability at zero load and to be designed far 25 Yo overcapacity. 


2 Tait pipes furnished by. 





3 interconnecting piping by 




































































is SCALE 





JOB.NO. PLANT LOCATION 
PROJECT. NO. REF.. DWG..NO. 
TITLE 





POSITION НО 


SERIES STEP МО 














DRAWING NO. 


A 
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gi 


FORM NO, 2829 
1M 4-56 MP&G 


p SOUTHWESTERN ENGINEERING COMPANY 


4800 SANTA FE AVENUE 


CUSTOMER 
PLANT LOCATION 


LOS ANGELES 58. CALIFORNIA SHEET. .. -OF___ 


ELECTRIC MOTOR DATA SHEET 


EQUIP. NO. 





FILE NO. 





SERVICE 





INDUCTION MOTOR 


ЕВА 
___ SYNCHRONOUS MOTOR 





HORSEPOWER 


HORSEPOWER 





~RPEM ... 





voLTs 





PHASES 





| CYcLES 


CYCLES 








FULL LOAD AMPERES 


REQUIRED TORQUE 





LOCKED ROTOR AMPERES 


LOAD WR? 





STARTING TORQUE - PERCENT. 


FULL LOAD AMPERES 





BREAKDOWN TORQUE - PERCENT 


LOCKED ROTOR AMPERES 





FULL LOAD RPM 


STARTING TORQUE - PERCENT 





EFFICIENCY - PERCENT 


| PULL-IN TORQUE - PERCENT. 



































































































































17 FULLLOAD — PULL:OUT TORQUE - PERCENT 
та 34 LOAD POWER FACTOR RATING 
19 Үл LOAD FIELD AMPS @ FULL LOAD 
20| POWER FACTOR EFFICIENCY - PERCENT 
21 FULL LOAD FULL LOAD 
22 34 LOAD Ya LOAD 
23 Va LOAD Va LOAD 
24] ELEV, ABOVE SEA LEVEL - FT. POWER FACTOR 
25] SERVICE FACTOR FULL LOAD 
26% TEMPERATURE RISE % LOAD 
27| ROTATION FACING END OPP. COUP. ya LOAD 
т ГГ | 28) CLASSIFICATION ELEV. ABOVE SEA LEVEL - ЕТ. 
Е 29 GENERAL PURPOSE SERVICE FACTOR 
5 зо SPLASH PROOF ROTATION FACING END OPP. COUP. 
> ат TEFC FACIT E ENCLOSURE 2 222 
Я 32 TEFC EXPLOSION PROOF | RADIAL BEARINGS 
33| MOUNTING LUBRICATION 
| 34 HORIZONTAL | DRIVE CONNECTION 
<шако>ша 35 VERTICAL J| Base | 
se| SHAFT - SOLID, HOLLOW WEIGHT 
37| ЗНАЕТ DIAMETER OUTLINE DRAWING 
за| LOAD THRUST - LBS. _|| SERIAL NUMBER 
DATE „p| МАХ, ALLOWABLE THRUST EXCITER - TYPE 
E до| TYPE INSULATION DRIVE — 
ВУ, 41| RADIAL BEARINGS - BALL OR SLEEVE (IF MOTOR. DESCRIBE AT LEFT) 
= 42| THRUST BEARINGS - BALL OR SLEEVE RPM Бем wu c ae | | 
CHECKED, 42| I -UBRICATION - OIL OR GREASE VOLTS, D.C. 
Е 44|.DRIVE CONNECTION | AMPS @ FULL LOAD 
ENGINEER 45| ВАЗЕ x SHUNT OR COMPOUND WOUND 
46| WEIGHT ned . || SERVICE FACTOR 
eee 47|_OUTLINE DRAWING NUMBER _TEMPERATURE RISE 
дв) ЗЕ ENCLOSURES 
49| МЕМА CODE LETTER TYPE INSULATION | 
50 ... MISCELLANEOUS TYPE BEARINGS 


яз 
54 
55 
56 
57| 


| PUMP BUILT-IN OR MOTOR DRIVEN 


REMARKS: _ 








| LUBRICATION 








| BASE 





_FORCED FEED LUBRICATION 


| WEIGHT 












OUTLINE DRAWING 











MOTOR HP - VOLTS - PHASE - CYCLES 





SERIAL NUMBER 










хо соч Сл бо № ғ 





О Motor Design Data O EnglishOMetric Units 


HIGH VOLTAGE INDUCTION MOTORS (LESS THAN 1500 HP/1119 KW) 
Q Shop Inspection and Test 

























































































Mfr. Model No. Required Witnes. u 
Serial No. Qty Shop Inspection о о 
Driven Equip. Testing Per NEMA(MG-1) О © 
Site Data: Mfr. Std. Shop Test © 
Altitude Amb.Temp.Max. 9С Min. 9С Special Tests Listed Below: 
Dust/Fumes/Üther о о 
Area Class — Gr. Div. ^ /Non-hazardous C О 
Basic Data: о © 
Volts Phase Hertz Couplings Supplied By: 
Nameplate H.P./KM Mfr. Model No. 
RPM OMotor Mfr. ODriven Equin.Mfr. OPurch. 
Insulation: Clags Type to Mount Motor Half. 
Temp. Rise C above 0с Ву Painting: Mfr. Std. Spec. No. 
NEMA Design — Туре: oHor. oOVert. Shipment: ODomestic ӨЕхроғ% 
Starting: OExport Boxing Required 
OFull Voltage OReduced Voltage ?io0utdoor Storage for Over Three (3) Months 
OLoaded O Unloaded © Manufacturer's Data 
OVoltage Dip 2 Frame No.: Full Load RPM 
Drive Systems: Efficiency: F.L. 3/41 i/2L 
ODirect Connected OGear Power Factor: F.L. 3/41 1/21. 
OO0ther Current (Rated Volt). F.l. L.R. 
Enclosure: Locked Rotor Power Factor 
O0pen Drip Proof OWeather Protected Lock.Rtr. W/Stnd. Time (Cold Start Sec. 
OTotally Enclosed Fan Cooled Lock.Rtr. W/Stnd. Time (Hot Start) Sec. 
OOther Torques: Full Load 
Driven Equipment Inertia Locked Rotor 
Bearing Type Lub. Pull-Up 
No. Starts: /hr,Motor 8 Amb.Temp. 0С | Breakdown 
№. Starts: __/һг,Моїог @ Rated Temp. Ф Acceleration ime (Motor & Load 10077807 
Rotation Facing Coupling End: Rated Voltage)  5ес.// Sec. 
Vibration:ONEMA Std. О Rotor WK? 
Noise ONEMA Std. o Allow. МК2 8 Motor Shaft 
Space Heaters:oYes.  oNo Min. Allowable Acceleration Volt. 
Volts Phase Total Shaft End Float 
Maximum Sheath Temp. Limit End Float To 
Accessories: Space Heater KW 
OBaseplates OSoleplates Max. Stator Winding Temp.: OC Alarm 
OMfr. Std. Fans  ONon-Sparking Fans 9C for Shutdown. 
Winding Temp. Detector: No./Phase | Thrust Brg.Cap.(Vert.): Up Down 
Type | Dimensions: 
Selector Switch & Ind. By:OPurch. О мг. | Length Width Height 
Winding Temp. Detector & Space Htr. Leads:| Weight: . 
OSeparate Conduit Box O Same Conduit Box Net ` Rotor Shipping 
Specifications: Note: 











































































Note: О Indicates information to be completed by Purchaser; O Зу Manufacturer 




















MANAGING OFFICE 


ENGINEERING OFFICE 

































2 EQUIPMENT DATA SHEET 
2 | CLIENT 
2 LOCATION. JOB NO. 
с ITEM. 
ITEM МО SPEC. NO. 
ENGINEER [cHWREWEW! APPROVE | REQ'N. NO. PAGE оғ 
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Ee БОШ (3-те) The М. W. Kellogg Company 


GAS ENGINE DATA 
| RATED HP RATED RPM 
MODEL BMEP з 
{CJ INTEGRAL [7] SEPARATE 


BORE IN, STROKE In, 
{ NO. POWER CYLINDERS ENGINE CYCLES 

















408 но. МЕН NO. 
REQ. KO. 

PAGE KO. ОР BY: 
DATE: REV. NO. 








ACCESSORIES 


AIR INLET FILTER [J] DRY Jol BATH MFR, STD. 
MANUFACTURER MODEL 
EXHAUST SIL ENCER 


MANUFACTURER MODEL 





| STYLE 





FUEL RATE BTU / BHP HR. & RATED LOAD 
RPM MAXIMUM MINIMUM 





POWER CYLINDERS [| WET 

mr 
TURBOCHARGED [С | suPERCHARGED 

LOW FIRE HAZARD IGNATION | | STANDARD IGNITION 











GOVERKOR 











CONSTANT SPEED 








[Г] VARIABLE SPEED 
RESET ey: [ ] PNEUMATIC SIGNAL 

EL ECTRONIC SIGNAL 

[ ]MANuUAL 

SPEED RANGE: RPM MAX. мїм. 
SIGNAL RANGE: RPM Мах. мін. 
ON SIGNAL FAILURE VALVE ТО: [_] OPEN С] скозЕ 
GOVERNOR MFR, ТҮРЕ; 


























REGUL ATION: NEMA CLASS 


EXHAUST MANIFOLD [ ]wATERCOOLED | JtNsuLATED 
TACHOMETER 

[Г evecr. 

ТАСНОМЕТЕН ЯА 
FLYWHEEL TURNING BAR AND STAND 

[Г] MANUAL [7] AIR Jack AIR PSIG 
LUBE OIL FILTER [_] FULL FLOW [7] SLIPSTREAM 





(2 месн. 


[| MBR. REED 




















FUEL GAS SURGE DRUM BY: [ ]PURCHASER [ ]ENGMFR 
RECOMMENDED VOLUME FT З 





[STARTING AIR COMPR. BY: [_]PURCHASER [| |емомен 








өніммен: [ ]MoroR [_]Gas C] asor iue 
NO. REQUIRED CAPACITY CFM 
MANUFACTÜRER MODEL 











WEIGHTS АН) DIMENSTONS 


NET WEIGHT: 
MAX. ERECTION WEIGHT 
APPROX. FLOOR SPACE LENGTH 


МАХ. MAINT. WT. 


(СІ automatic START / STOP CONTROL 
STARTING AIR RECEIVER BY: [``] PURCHASER [ |Емс MFR. 


NO. RECEIVER С Јнових. L ]veRT. 
RECEIVER CAPACITY FT PRESSURE PSIG 


NO, CONSECUTIVE STARTS STARTS / HR, 
CU. ЕТ, / START 

















WIDTH 





HEIGHT 





ADDITIONAL DISTANCE TO REMOVE POWER RODS 


AUXILIARY SYSTEMS 


А SINGL E DISCHARGE FLANGE, 


SURGE TANK, ENGINE JACKET COOLER, CIRCULATING PUMP BY [ ]PuRCHASER 





CI CIRCUL ATING WATER PUMP DRIVEN BY ENGINE SHAFT, 
[7] SEPARATELY MOUNTED PUMP AND DRIVER BY 














REMARKS: 


ENGINE MANUFACTURER SHALL FURNISH POWER CYLINDER COOLING WATER PIPING FROM A SINGLE INLET FLANGE TO 





(ГЛ ENGINE MANUFACTURER 


PURCHASER | ]ENGINE MANUFACTURER 
LUBE OIL INTERCONNECTING PIPING AND FITTINGS BY Г. | PURCHASER 


СІ ENGINE MANUFACTURER 



































REVISION 





BE-UE-P-5-2 (Rev, 5/83) 





GENERAL PURPOSE STEAM TURBINE SPECIFICATION 


CONSTRUCTION FEATURES 





О Potential Max. Horsepowar at Normai Steam Conditions 
О Ошнае Dwa, No. О sectianat Омо. Мо. 


























































1 

2 

3 
4 | Turbine Mounting О verticat О Horizontar 

5 | Support O Centeriine [1 Foot 
6 | Case Spit О Rada! О Аха 

7 | 0 мо. of Stages О wneei Diam, 

8 | О Singe Stage Li2Row С) 3Row C] reentry 
79 | interstage Glana Seal О Carbon О Labyrinth 
10 | End Glana Seal О Carbon © Lapyrintn 
11} @ мо, of Rings/Box 
12 | Bearing Туре Г] наша Lj Thrust 
13 | П ram мах. Cont. Trio 
241 D] ram Мах Ist Санса 
15 | Г) case Max. Allow, Working Press. inlet psig Exnaust psig 
16 Мах, Inlet Temp. °F Мах. Exhaust Temp. “Е 


Min, Апомаые Exhaust Pressure 


C] R.v. Set Press. Exh Capacity 





О Hydrotest Press, intet Exhaust 
О Ring Ой! 
О Corrosion Resistant Orain Lines 





Lube System О Purcnasers О оње 








O он Requirea 








23 MATERIALS 


O High Press. Casing С Exhaust Casing 
C] Nozztes С Büages 
О sean С wheels 


О Unaer Packing 














О тир Valve Body D Gov. Маме Trim 
29 CONNECTIONS 








FACING 





Exhaust 





Drain 














REQ'O. wiTN. 





Hyarostatic Aux. Еашотепі о Q 








No Load Run 





Disassamnly After Test о о 













Performance 





Test Data Sheets 








о|09|8 
OlojJO|C 


Gov. Response to Contr, Signal Inspection Q Surface. 








44 | Г] Turbine ip ГІ cooiee ГІ Mounted 10. 
APPLICABLE SPECIFICATIONS 





О AP! 611 Gen, Purpose Steam Turbines о 
o - GN-1 Noise Q 


- R-1 Painting 








49 | REMARKS: 











52| 


5. 
55 

















ЕЕЕ: 
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a ISSUE DATE 
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4800 SANTA FE AVENUE LOS ANGELES 58. CALIFORNIA SHEET. -oF — STANDARDS OF TUBULAR EXCHANGER MANUFACTURERS ASSOCIATION 


E AS E S AA қ 
SWECO GEAR DRIVE DATA SHEET 































EXCHANGER SPECIFICATION SHEET 
























































11 CUSTOMER а алые т > _ EQUIP. NO. 

2| PLANT LOCATION FILE NO. 1 

a| sERvicE m 2 | CUSTOMER 

4|. MANUFACTURER TYPE SIZE 3 | ADDRESS INQUIRY NO. 

5 ОРЕВАТЮМ BEARINGS 4 PLANT LOCATION DATE 

«| CONTINUOUS on INTERMITTENT | H.S. SHAFT - OUTBOARD 5 | SERVICE OF UNIT ITEM NO. 

7| GEAR RATING - BHP . |. TUER H-S. SHAFT - INBOARD Б SIZE TYPE CONNECTED IN 
8] THERMAL RATING - НР INTERMEDIATE HART 2 OUTBOARD 2.2 | —- 7 | GROSS SURFACE PER UNIT | SHELLS PER UNIT SURFACE PER SHELL 
9| SERVICE RATING - HP Me f. INTERMEDIATE SHAFT - INBOARD 3 7 
19] MECHANICAL HP RATING... 21 pM L.S. SHAFT - OUTBOARD | Е 8 PERFORMANCE OF ONE UNIT 
11| AGMA SERVICE FACTOR | 1.8. SHAFT - INBOARD E. JL 8 








AGMA CLASS GEARS 
GEAR RATIO COUPLINGS 
EFFICIENCY (9 BHP RATING H.S. SHAFT COUPLING - TYPE 


10 
11 | TOTAL FLUID ENTERING 

12 VAPOR 

13 LIQUID 

14 STEAM 

15 NON-CONDENSABLES 

16 | FLUID VAPORIZED OR CONDENSED 














NO. OF REDUCTIONS OR INCREASES 255 SIZE | 
HIGH SPEED SHAFT RPM MFG. 


LOW SPEED SHAFT RPM 1.6. SHAFT COUPLING - TYPE 




















ACTUAL DRIVEN MACHINE RPM SIZE 























19| ROTATION H.S. SHAFT FACING DRIVER Lx cu КЕЕ MFG. J 
20| ROTATION L.S. SHAFT FACING DRIVER COUPLING GUARDS ЕЕ 17 | STEAM CONDENSED 
и -| 18 | GRAVITY—LIQUID 
22| CONSTRUCTION & MATERIAL. TESTING 19 Г VISCOSITY—LIQUID 
23| САБЕ ТҮРЕ WITNESS PERFORMANCE TEST 





20 | MOLECULAR WEIGHT—VAPORS 

21 | SPECIFIC HEAT—LIQUIDS BTU/LB/^F BTU/LB/"F 
22 | LATENT HEAT—VAPORS BTU/LB/°F BIU/LB/*F 
23 | TEMPERATURE IN 


24 | TEMPERATURE OUT 








CASE MATERIAL INSPECTION 








шш>-а-ОЖ 25| м. в. PINION OR WORM 
Н.Б. GEAR ч MISCELLANEOUS 


H.S. SHAFT WEIGHT 

























































































[TT Г] zs[ INTERMEDIATE PINION OR WORM OUTLINE DWG. NO. EN TM ve 
Ё 29| INTERMEDIATE GEAR CROSS SECTION DWG. NO. enr] 5 
“| зо INTERMEDIATE SHAFT = SERIAL NO. 26 
32| 1.8. GEAR PRIME MOVER 28 | PRESSURE DROP 
33| 1.8. SHAFT ТҮРЕ - MOTOR. TURBINE, OTHER 29 
|_| sa| H.S. SHAFT - SINGLE OR D&'L. EXT. RATED НР 30 СБОРНИК ГАБ сиз] 
<алко>ша 35| 1.5. SHAFT - SINGLE OR DB'L. EXT. DRIVER НЕМ — /FULL LOAD RPM 31 | HEAT EXCHANGED—BTU/HR. M.T.D (Corrected) 











Н.Б. SHAFT О.В. AT CLPG. ROTATION FACING END OPP. CLPG. 
| L.S. SHAFT O.D. AT CLPG. MANUFACTURER 





32 | TRANSFER RATE—SERVICE EFF. SURFACE PER UNIT 






















































































37 
зе| CASE GASKETS ТҮРЕ (SIZE CONSTRUCTION 
ВАТЕ o| case pours ОНИ WEIGHT. DESIGN PRESSURE PSI PSI 
BY 
at DRAWING:NO: DESIGN TEMPERATURE °F °F 
P - 42 же 
НО ds LUBRICATION "ES DRIVEN MACHINERY en mI но: — LENGTH 
i xa 44| TYPE LUBRICATION - GEARS MACHINE DRIVEN _ = 
ENGINEER — | TYPE LUBRICATION - BEARINGS BHP REQUIRED FLOATING HEAD COVER 
46| ОП. PUMP TYPE | REQUIRED DRIVEN RPM CHANNEL CHANNEL COVER 
PROJ ENG. "| oit PUMP DRIVE ROTATION FACING SHAFT END TUBE SHEETS—STATIONARY FLOATING 
ав| VISIBLE LUBRICATOR SIGHT GLASS MANUFACTURER BAFFLES—CROSS 
43|_ ОП. FILTER OR STRAINER TYPE {SIZE 1 / BAFFLE—LONG 
_ во| ОШ. COOLER REQUIRED s WEIGHT TUBE SUPPORTS 
si| TYE ОП. COOLER ___ | NOM. SHAFT O.D. AT CLPG. GASKETS 
COOLING WATER @ °F & GPM __ | DRAWING NO. 








CONNECTIONS—SHELL—IN RATING 
CHANNEL—IN RATING 
CORROSION ALLOWANCE--SHELL SIDE TUBE SIDE 
CODE REQUIREMENTS TEMA CLASS 
WEIGHTS—EACH SHELL BUNDLE FULL OF WATER 
NOTE: INDICATE AFTER EACH PART WHETHER STRESS RELIEVED (S. R.) AND WHETHER RADIOGRAPHED (X-R) 





SIZE COOLING WATER CONN. 























REMARKS: 
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LOCATION .FILE №._ 





AIR COOLED 














ITEM МО. зов мо. M. о, мо. 
EXCHANGER PREPARED BY DATE 
NE SPECIFICATION CHECKEO BY DATE 
в с5а SHEET APPROVED BY DATE 














INDICATES REVISION 

















[SURFACE !YEM-CEXTERNAL. BARE TUBE sa 
HEAT EXCHANGED-—BTU/HR EFFECTIVE MTD oF 









BARE TUBE SURF. 
PERFORMANCE DATA 
TUBE SIDE 





























































































































SPECIFICATIONS FOR 
FIN FAN HEAT EXCHANGERS 


FLUOR-GRISCOM RUSSELL 
INTEROF FICE 










Customer u 22.2. Proposal No. 
Address Dste 

Plant 

Fin Fan Model _ 





























© ч Фм ашы ~ 






























































































































































































































































FLUID CIRCULATED TEMPERATURE IN °F 
TOTAL FLUID ENTERING 1 L.BS/HR Е OYT 2; "е INSIDE TUBES e 
VAPOR d INLET PRESSURE PSIG 91 Class of Fluid — Айша, ©. A Feet 
1 I SRAVITY-LIQUID E 10 ific Gravity @ 60 F _ Inlet Air Temp. N кн *F, 
HER BJ MEM lviscosiTY ceseer 11 | Specific Heat Ave. Temp. 2 Air - _#/Hr. 
lviscosiTY cesG'r 12 | Latent Heat @ Ave. Temp. a 08 2 8.T.U/# | Outlet Air Temp. “Е. 
[MOLECULAR WEIGHT 13 | Density @ Ave. Conditions a #/Си. Ft. Static Pressure “но 
[стс HEAT вту вее 14 | Molecular Weight ӘМЕТ MECHANICAL EQUIPMENT 
ENSITY: YAPOR-LIQUID MIXTURE LBS/CU FTILATENT HEAT. BTU/LB 15 | Conductivi Fans: Model 
CONDUCTIVITY Bru FT/HR SQ FT°FIALLOW, PRESS, DROP PSI 16 | Viscosity Centipoises at Number 
ia HR SQ FT'r/BTUlDESIGN PRESS DROP _ PSI __Centipoises at Я Diameter " 
AIR SIDE Quantity—Liquid x Ж/нг. No. of Blades e 
AIR QTY LBS/HR SCFM|TEMP IN *FJALTITUDE FT Vapor or Gas Cu. Ft./24 Hr. @ 14,74 Abs, G 60°F. R.P.M. А 
AIR Q АСЕМІТЕМР OUT. С #/н‹. Horsepower per Fan 
CONS TRUCTION J Steam DARM #/Hr. m 
N. C. Cas Ж/нг. | Gears: Model 
Fluid Vap. or Condsd. #/нг. Маке 
ГІ seamless #/hr. 
B MAURIS V WELDEB eF.: Out SF, | Drive Shaft: 
ARRANGEMENT; = E #70" 
+7" | Motors: Type 
SECTIONS ін Cones Design Pressure М #/0" Make M 
IN PARALLEL RIA Test Pressure Sr Number І 
Payg ON ALLOWANCE - EN *F. НР, : 
RPM. is 
__ Volts 
B. T. U-/Hr. Phase Е 
Sq. Ft. Cycle x = 
q. Ft. B 
36 MATERIALS AND CONSTRUCTION Turbines;..Model 
37 | Headers _ Маке 
38 | Thrust Members Number _ 
39 | Tubes ра H.P, 
40 | Fins ct ess Y» E R.P.M. FOE <i 
PM |HP/DRIVER E В 41 | Tube Plugs : Steam In, EU _ 
PITCH Llapuusr. |ENcLosumE 42 | Retarders 5 Steam Ех. | iu 
AUTO. VAR 43 | Connections In к ___Water Rate . 3/H.P. Hr. 
i A 44 Out 42247. 
HYB МАТЬ 45 | Number of Passes Gas Engines: Model Е 
46 "- ed „Маке 
NOTES: 47 у Number 0: 
48 Б НР. 
8 Se 49 [ RPM. 
x EE а EIER Price: F.O.B. Shipping Point, not erected. . ww . . . . $ 
еы ыы кы а моу РАА ТОРИНА МЕР ЕЕ л Freight ROM Ра r$ uo 
SCIES CA TOTAL РАКЕ $ 
o i H H HEIGH HIP, WT BSJ 
REPRODUCTION OF STANDARD NO, 53.0173 Estimated Erection Labor ое EO 
Shipping Weight ыы 
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FORM NO. 724 


THE GRISCOM-RUSSELL CO. COMPRESSOR COOLER ogy. — ____ TEM NO. 
G-FIN TANK HEATER SPECIFICATIONS DATA SHEET REO. NO. 


= ыз РАСЕ МО.--.....Оғ 











































































































































































2 Customer mee x E INTERCOOLERS AND AFTERCOOLERS 
3 [Plant Date 5 ЕМ NUMBER OR LOCATION 

4 |Unit Required a. | BETWEEN STAGE NUMBER 

5 а нара | 8 | COOLER FURNISHED ву: 

6 |Servica Type Internal External g | О COMPRESSOR MANUFACTURER О PURCHASER 

7 a = ee ae. DNE ы 

8 | Class of Fluid COOLER MANUFACTURER 

9 | Specific Gravity @ 60°F. ЕЛ ЬЫаЕаси T ре ALLE ELS COOLER MODEL OR TYPE 

s d a —- a m YT SPECIFICATIONS — MANUFACTURERS STANDAROS 

11 | Latent Heat @ Ave. i B.T.U./£ OTHER 

12 | Viscosity | 5.5.0. at E: 

13 | Viscosity i i Centipoises at “ғ. Centipoises at ТҮРЕ SHELE AND TUBE 

14 | Viscosity | Centipoises at °Е.| Centipoises at i : F.| CONCENTRIC PIPE 

15 | Quantity GPM Ун. Fir. PIPELINE 

16 ! Operating Temperature іп °F. : Out ?F.| in "F. : Out °F. FINTUBE 

17 | Operating Pressure ЖЕ ип" :n' SHELL OR OUTER РІРЕ 

18 | No. Passes per Shell 1 2 TUBES OR INNER РІРЕ 

19 | Design Pressure : #/0" N #/O" TUBE SHEETS 

20 | Test Pressure - но" ип” TUBE SIZE. O.D.. INCHES AND BWG. 
21 | Design Temperature (Max. Mata! Temp.) °F, 5 *F. COOLING WATER— GPM 

22 | Heat Exchanged Los BTU /Hr. Surface Per Unit 5а. Ft. TEMPERATURE IN °F 

23 | Corrected M.T.D. Design Rate Surface Per Shell Sq. Ft. TEMPERATURE OUT °F 

24 MATERIALS AND CONSTRUCTION PRESSURE DROP PSI 

25 | SHELL: Steel CHANNEL: ы . Steel Baffles: Steel Standard Spacing MAXIMUM WORKING PRESSURE, PSIG 
26 | INLET CONN. SIZE INLET CONN. SIZE: Tie Rods and Spacers: Steal FLOW RATE AT INTAKE, LHS./HR 

27 į X Drilling: 1504 Drilling: —— 150% Р.Т. Gaskets: Durabla TEMPERATURE AT INTAKE °F = 
28! OUTLET CONN, SIZE OUTLET CONN. SIZE Saddies: Stes! (Type HSU-CSU only) TEMPERATURE AT OUTLET °F 

29 Drilling: 1504 Drilling: 150% Р.Т. Structural Codes Я, INLET PRESSURE, PSIG 

30 | Tank Manhole Flange Size : 0.0. Тибез— 34” IPS Seamless Steel inspection by: PRESSURE DROP, PSIG 

31 | Bolt Circle Мо, Dia. | Fina— Steel, Nom. Length: OVERALL LENGTH po DESIGN DESIGN PRESSURE, PSIG 

32 | Tube Sheet—Steel with Cone Seat Tubs Joints and Lock Nuts _ | .|OUTSIDE SHELL DIAMETER | Enan TEMPERATURE SE 

33 | Support Plate on Open Shell Unit Steel 1" Thick Reference Print EFPECTURE SURFACE; BOLIANE FEET 
34 | GUARANTEE: This unit will give full capacity with tank liquid level 2 Ft. or more above unit. RECOMMENDED RELIEF VALVE SETING, PSIG 











HYOROSTATIC TEST PRESSURE PSIG 


SUGGESTIONS: 
ons 


1. Steam trace all oil fines. 
— FURNISHED BY: С COMPRESSOR MANUFACTURER О PURCHASER С SEPARATE O INTEGRAL WITH COOLERS 
2. Use steam trap large enough to handle indicated steam condensate. MANUFACTURER 








3. Vent steam side of unit, 
р Ў е ; TYPE AND MODEL 
4. Provide drains for steam side to take care of shut down during cold weather. SHELL MATERIAL 
5. This is an instantaneous heater; steam required only when pumping oil. TRAPS OR LIQUID COLLECTION DRUMS, GAUGE GLASS, DRAIN OUT VALUE, HIGH LIQUID LEVEL ALARM CONTACTS 


TO ВЕ FURA ISHED BY: O COMPRESSOR MANUFACTURER О PURCHASER 


FURNISHED BY: O COMPRESSOR MANUFACTURER О PURCHASER 
CAPACITY СВК FEET 
RATED PRESSURE —— — — —.. PSIG 
O RECEIVER TO COMPLY WITH PRESSURE VESSEL CODE 
О RECEIVER TO FURNISHED WITH SUPPORTING STAND FOR FLOOR MOUNTING 
O RECEIVER COMPLETE WITH SAFETY VALVE, PRESSURE GAUGE, AND DRAIN VALVE. 
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ENG'R| DATE 





REP'D ВУ 
CHKD BY 
APPR'D BY 




















[REv.| Bv |cHKD 


DATE 














PLATE & FRAME EXCHANGER SPECIFICATION SHEET | 


























ENG EQUIP 705—1 (2-76) 








STEAM SURFACE CONDENSER DATA SHEET 


PROJECT POS. NO. CUSTOMER EST. NO. 

PROJ. NO. F.S. REF. е 

BLOG. NO. NO. REQ'D. LOCATION JOB NO. 

SERVICE OF UNIT MODEL PAGE NO. 

SIZE NO. OF PLATES SERVICE OF UNIT ITEM NO. 
[ SURFACE PER UNIT SURFACE PER PLATE DATE 





PERFORMANCE ОР ONE UNIT 





HOT SIDE COLD SIDE 


Á. Condenser 






















































































































































l. Manufacturer 









































FLUID CIRCULATED &. Name: 
TOTAL FLUID ENTERING LB/HR b. Location: 

ило . : 

STEAM 2. Condenser surface (total effective) : LÁ 4 ft 
STEAM CONDENSED 3. Number of water passes: 

4. Design basis — operating conditions and performance 
GRAVITY-LIQUID а. Nature and source of circulating water: 
VISCOSITY-LIQUID CENTIPOISE Ж E € 
SPECIFIC HEAT BTU/LS. OF b. Duty (net heat rejected to circulating water) : 
THERMAL CONDUCTIVITY BTU/HR., FT, oF; Btu per hr 
LATENT HEAT-VAPORS BTU/LB. c. Circulating water quantity: gpm 
d. Circulating water inlet temperature: F 
ng p 

TEMPERATURE oF е. Cleanliness factor: % 
OPERATING PRESSURE PSIG . H . . 

[NUMBER OF PASSES f. Average circulating water velocity in tubes: fps 
VELOCITY FT/SEC. A К КИСЕ 1 A 
ЕВЕ DRO ЕЕ СКЫ Е. Absolute pressure (to be measured at point specified in the Heat Exchange Institute Standards) hi 
FOULING RESISTANCE (МИМ) г т=з== STs 
HEAT EXCHANGED-BTU/HR. M.T.D. (CORRECTED). OF - THEORETICAL h. Deaeration — maximum free oxygen in condensate 
TRANSFER RATE SERVICE CLEAN (42) (14) (7) — (Indicate) : ppb 

CONSTRUCTION i. Circulating water friction loss through clean tubes and waterboxes: ft 


















































































































































DESIGN PRESSURE PSI j. Supplementary (expected) performance on curve sheets: 
TEST PRESSURE PSI 
етек TEMPERATURE OF 5. Tubes 
MATERIALS OF CONSTRUCTION PRESSURE PLATE CONNECTING PLATE Е Main Condensing Sections: 
ENDS PLATES THERMAL PLATES FRAME (1) No.: Size: —— —in. OD Gauge: BWG 
EXTERNAL BOLTING INTERNAL BOLTING HOT SIDE GASKET . 
| PROTECTION SHROUD PAINT COLO SIDE GASKET (21. Length, effective: Overall: к 
CONNECTIONS - HOT SIOE iN OUT SERIES (3) Material: алта» ры: = = 
COLD SIDE IN OUT SERIES b. Gas Removal Sections: 
FABRICATION SPEC : fees i i 
INSPECTION & TEST TEST PRESSURE, PSIG (1) №.:— Size: ------іп OD Gauge:— BWG 
WEIGHT. LBS.EMPTY FULL OF WATER OPERATING (2) Length, effective: Overall: ft 
REMARKS: г (3) Material: 
c. Impingement Sections: 
= (1) No.: - Size: in. OD Gauge: BWG 
| Е (2) Length, effective: Overall: ft 
ara = (3) Маегіаі: А 
| Д Inlet end: 
| m d. Method of connection — 
zm Outlet end: m 
е: Furnished: by: ————— — — Le Е 
£ installed by: 
6. Waterboxes — Covers (if required) 
a. Material (Waterbox) : 
Ъ. Material (Covers) : 
t. Divided or non-divided: Й 
d Design ргевгиге:— ры | Тех pressure: —— na 





м MM Inlet noazles: 
сонмен йө: 
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ENG EQUIP 705-2 (2-76) 


STEAM SURFACE CONDENSER DATA SHEET ( con't.) 





EST. NO. 








CUSTOMER JOB №. 
LOCATION PAGE NO. 
SERVICE OF UNIT (TEM NO. 
DATE 
7. Shell 
a. Material: 
b. Thickness: Number of sections: 








с. Method of connecting sections: 





d. Provision for tube expansion: 





e. Number and size of venting connections: 


8. Hotwell 
a. Type: 





Capacity: gals 





b. Material: 





с. Thickness: 


Number of sections: 











9. Tube sheets 











a. Number and size: Thickness: 
b. Material: 

10. Tube support plates 
a. Number: _-Thickness: 
b. Material: 











11. Steam inlet neck and exhaust connection 
a. Material: 





=> 


. Thickness: 


Number of sections: 





(flanged) or 


c. Connection to shell — (aded! А 


Бы 


Height — top of waterbox flange to turbine exhaust including expansion joint (if any) : 


уь  (flanged) or 
То turbine (welded): 








e. Provision for vertical expansion (condenser hung) (spring supports) (expansion joint). 











f. Spring supports (if used). Type: 
g. Expansion joint (if used). Type: 
Material: 
ight: —. (flanged) or 
Height: p — Ends (welded) : _ 








12. Approximate weights, condenser with tubes 


a. Dry: 





lbs In service: lbs 








b. Steam space only filled with water: 








13. Preliminary drawing(s) : x 
14. Descriptive bulletin(s) (or specifications) : 





Steam Surface Condenser—(continued) 





ENG EQUIP 705-3 {2-76} 


STEAM SURFACE CONDENSER DATA SHEET ( сеп.) 











EST. NO. 
CUSTOMER JOB NO. 
LOCATION PAGE NO. 
SERVICE OF UNIT Пп... 
ЛЕ. LLL 
В. Steam Jet Air Ejector(s) 
1. Manufacturer 
a. Name: 
b. Location: 
2. Total number of Ejector Units: 
3. Size and type: No. of elements: No. of stages: 
mounted on; о вшќасе inter- and after-condensers 





4. Operating Conditions and Performance 


с. 


Design capacity — 100 рег cent — 

Suction pressure: — — На 

Suction temperature: 8 eee 

Dry air leakage: _____________SCFM corresponding to:________________Ibs per hr 

Non-condensible gases other than air leakage: ( ) — —— — hs per hr 
(_____)___________Ibs per hr 
(—___) ____________]bs per hr 














Associated saturated water vapor :_. Tbe pet ht 
Total gas-vapor mixture: T lbs per hr 
Design capacity each element: per cent 


Number of elements operating for 100% capacity: 

Curve(s) of approximate capacity vs. suction pressure: 

Steam conditions —- 

Total temp: Е 
Minimum operating pressure (at nozzles) :____________psig Total temp: —— F 
Steam Consumption (100 per cent design capacity): ———— ры 


Maximum initial pressure: psig 





5. Condenser Data 


а. 
b. Surface: 
c. 
d. Method of fastening tubes: 


e. 


_After-condenser 


— — per cent design capacity 
_—__BWG:________Length (effective-overall) 


Surface sq ft: Inter-condenser. 











Tube size: in. OD: 








Cooling Water (condensate) (raw water) : 


Minimum flow required at: — 1. рег cent design capacity:_______________gpm 








Maximum design flow: т 
Friction loss at maximum design о feet of water 
1. Waterboxes — Maximum design pressure: мм 





6. Materials 


а. 
b. 
с. 
4. 


е. 


Suction chambers: 





Diffusers :___ 


Steam nozzles: 





Steam chests (nozzle heads) : 
Condenser shells: 
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ENG EQUIP 705—4 (2—76) 





5ТЕАМ SURFACE CONDENSER DATA SHEET ( con't.) 
EST. NO. 
JOB М. 
PAGE NO. 
ITEM NO. 
SERVICE OF UNIT " DATE 





CUSTOMER _ 
LOCATION 


























f. Water chambers: 
g. Tube sheets: 
h. Tubes: 


7. Fittings and Accessories included 











а, Air leakage meter: s 3 
b. Other: e = 




















8. Approximate weight, each ejector unit: lbs 





9. Preliminary drawingís) : = 





10. Descriptive bulletin (s) (or specifications) : 


C. Hogging Ejectors 
1. Manufacturer 


a. Name: 





Ъ. Location: 





2. (Steam) (Air) (Water) Operated. Number per condenser: 7 біге: 





3. Operating Conditions and Performance 
a. Capacity: .__________lb per hr dry air at______________in. Hg abs Suction Pressure 
psig. F 





b. Steam consumption: b per hr at_ 








c. Maximum design steam conditions: . E Е рзір- Е 
SCFM ай psig 
—gpm at psig 
Ibs 





d. Air consumption: 


е. Water consumption: 








4. Approximate weight, each: 





5. Preliminary drawing(s) : 


© 


. Fittings and accessories included: 








т, Descriptive bulletin(s} (or specifications) : 


EMEN MM LLL. 


D. Remarks: 












































Steam Surface Condenser—(continued) 


m SOUTHWESTERN ENGINEERING COMPANY 


4800 SANTA FE AVENUE 


LOS ANGELES 58, CALIFORNIA 










































SWECO FIRED HEATER SPECIFICATION SHEET 
CUSTOMER Е "n EQUIP. NO. 
B PLANT LOCATION = . FILE NO. 
SERVICE d 
MANUFACTURER TYPE SIZE 















FLUID CIRCULATED 


THERMAL DESIGN 








TOTAL FLUID ENTERING | | #/HR 





$ этч 8 & b бю 





INLET i 








TOTAL VAPOR .__ HR 





OUTLET 








TOTAL LIQUID 








| GRAVITY nguo АРІ 










































13| DENSITY VAPOR #/CU. FT. — Seren = 

14| viscosity шашо A cP Fi, 

15|_ViScOSITY VAPOR cr ДО e Se es 
16] SPECIFIC HEAT — _ BTU/it 

17| LATENT HEAT 0-2 вти/фж ЕЕ 

18| TEMPERATURE te 

19| OPERATING PRESSURE esi 









MOLECULAR WEIGHT OF VAPOR 

















ALLOWABLE PRESSURE DROP Pal 











| CALCULATED PRESSURE DROP — Psi А 





ТҮРЕ OF FLOW 





SERIES 


PARALLEL 





Kt» = = 0 


EFFECTIVE SURFACE 39. FT. 


RADIANT. 


CONVECTION 





ҮН 


HEAT ABSORPTION BTU/HR. 


RADIANT. 


CONVECTION 





HEAT ABSORPTION BTU/HR. 


TOTAL | 





LIQUID TEMPERATURE — *F 








[RADIANT TRANS. RATE 


BTU/SQ. FT./HR. | 


AVERAGE. 


MAXIMUM 





BY. 


CONVECTION TRANS. RATE 


BTU/SQ. FT./HR. 


AVERAGE 


MAXIMUM 





EFFICIENCY 


% - LHW/HHY | 

















FLUE GAS TEMP. (APPROX.) F 








<һашо>ша 


ТҮРЕ OF FUEL 








ЕНУ OF FUEL ___ BTU/ 











PRESSURE AVAILABLE AT BURNER - PSIG 


FOR GAS Ey NORMAL. 


MAXIMUM 








FOR FUEL OIL. NORMAL 





MAXIMUM 





DATE 





FOR STEAM | _ NORMAL 





MAXIMUM 








BY 


“CHECKED ` 


“ENGINEER 


“PROS. ENG. 


| NO. OF TUBES 


RADIANT 


| 





MECHANICAL DESIGN 


CONVECTION 








RADIANT 


CONVECTION 





EFFECTIVE TUBE LENGTH | 
RADIANT TUBES 


. INCHES О.р. 





TUBEWALL INCHES 





CONVECTION TUBES 


INCHES O.D. 


MATERIAL. 





TUBEWALL 


INCHES —— MATERIAL 





RETURN BENDS | TYPE 


MATERIAL 





| NozzLEs INLET 


OUTLET 





DESIGN RADIANT 





PRESSURE 


PSIG | TEMPERATURE 





CONVECTION 





PRESSURE 


ны TEMPERATURE 


°F 





| cone 





CUSTOMERS SPECIFICATION 








BURNERS - NO ТҮРЕ 





MFG. 









| HEATER TYPE 
TYPE SHELL CONSTRUCTION 





HEATER WEIGHT. 





TYPE ASSEMBLY 





REMARKS: 
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E230846* 


DES SUPRV. 


CHECKED BY 


TDRAWN BY 














REMARKS 


DATE |АРРН"У 


BY |снко|зуғту 


REV 


WIPED FILM EVAPORATOR 
DATA SHEET 


PROCESS DESIGN SECTION 


CORPORATE ENGINEERING SHEET 1 оғ 4 





SCOPE: 



































PERFORMANCE REQUIREMENTS 
FEED 





DISTILLATE CONCENTRATE 


IDENTIFICATION 
QUANTITY: LBS/HR. 


NORMAL OPERATING 
DESIGN 


COMPOSITION: 



































PHYSICAL PROPERTIES 
MOLECULAR WEIGHT 
SPECIFIC GRAVITY 








VISCOSITY; CP 

















SPECIFIC HEAT; BTU/#°F 





LATENT HEAT: BTU/# 

THERMAL CONDUCTIVITY - 
BTU/# OF FT. 

VAPOR PRESS: MMHG 














INITIATOR 


SHEET ! 











MELTING POINT — °C 























PLANT LOCATION 
REF. DWG. NO. 


JOB NO. 


PROJECT NO. 
TITLE 






















POSITION NO. SERIES STEP NO. 


SCALE 
SZ ANT BLDG. NO. 


[DRAWING NO. 



















CHECKED BY [DES SUPRV. 





DRAWN BY 





INITIATOR 


E230B46 
SHEET 2 






REMARKS 






DATE |APP'R'V 


BY |CHKD}suPry, 























































WIPED FILM EVAPORATOR 
DATA SHEET 


PROCESS DESIGN SECTION 


CORPORATE ENGINEERING SHEET 2 OF 4 





OPERATING CONDITIONS 














JACKET CONDENSER 





PROCESS 








FLUID DESCRIPTION 























FEED 
DISTILLATE 
CONCENT. 


TEMPERATURE 










VAPORIZATION TEMP. 
DESIGN TEMP, 
МАХ. ALLOW. TEMP, 
OPERATING PRESS. 
DESIGN PRESS. 
NORMAL FLOW RATE 
MAX, FLOW RATE 
PRESSURE DROP 
MAX. ALLOW, PRESS DROP 
MAX. AIR LEAKAGE RATE 















PSIG PSIG PSIG 



































HEAT DUTIES: 
РНЕ-НЕАТ 
VAPORIZATION 
CONDENSING 
SURFACE REQUIRED 
VAPORIZATION 
CONDENSATION 




















































MATERIALS 








MAIN VESSEL MECH, SEAL 

































JACKET ROTATING FACE 
SHAFT STATIONARY FACE 
WIPER BLADES SEAL RING 

BEARINGS "O" RINGS 












MAIN GASKETS 









INTERNAL COND, TUBES 
INTERNAL COND. TUBESHEET 


















MOTOR DRIVE DATA 








VOLTS/PHASE/HZ: 





ITEM NO. MTD BY. 








































HP. RPM FRAME BEARINGS LUBE 
MFR. FULL LOAD AMPS: SF. 
TYPE INSUL. L.R. AMPS 

ENCLOSURE: CLASS 1 GROUP D-DIV. 




















PLANT LOCATION 
REF. DWG, NO. 


JOB мо. 


PROJECT NO. 
TITLE 













SCALE 


BLDG. NO. 





STEP NO. 


POSITION NO, SERIES = 
EU UL ad % 





Í PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 


WIPED FILM EVAPORATOR 


DATA SHEET SHEET 3 OF 4 














UNIT SIZE & TYPE: 


VENDOR DATA {RETURNED ВУ VENDOR) 


HEATING SURFACE 
CONDENSING SURFACE: 











NOZZLES SIZE RATING FACING 
FEED 

VAPORIVAC) 

RESIDUE 

DISTILLATE 

JACKET-IN 


REMARKS 


POSITION PACKING: TYPE 
SIZE NO. RINGS 
PRESS, ON PACKING BOX. 
MECH, SEAL: TYPE 
MFR. 
SEAL FLUID 














JACKET-OUT 





MOTOR: SIZE & TYPE MFG: 
RPM PERIPHERAL SPEED FT./SEC. 
DRIVE TYPE 
VENDOR TO SUPPLY DIMENSIONAL PRINTS OF ALL UNITS. 
WEIGHT OF UNIT: EMPTY. FULL OF WATER 














DATE [|APP'R'v 


UTILITIES AVAILABLE 





STEAM #/HR е. 
COOLING WATER СРМ Өө 
HOT OIL GPM ё. 
ELECTRICITY VOLTS. CYCLES 














BY |CHKD] surav] 














MISCELLANEOUS REQUIREMENTS 





QUOTATIONS: 
VENDOR QUOTATION SHOULD INCLUDE THE FOLLOWING: 

1- EQUIPMENT DESCRIPTION WITH DEFINITIVE SPECIFICATIONS INCLUDING SIZE, OPERATING AND DESIGN PRESSURES, 
AND MATERIALS OF CONSTRUCTION ON ALL PARTS. 

2- VENDOR SHALL STATE THE REQUIRED FLOWS, PRESSURE DROPS AND DESIGN DUTIES FOR EACH JACKET, STILL 
CONDENSER, AND FREEZEOUT TRAP. 

3- SUMMARY OF UTILITY REQUIREMENTS. 

4- RECOMMENDED INSTRUMENTATION, 

5.. RECOMMENDED LAYOUTS AND REQUIRED STRUCTURES, 

6- RECOMMENDED SPARE PARTS LIST AND COST OF EACH ITEM 


DES SUPRV. 


TESTS 
ALL EQUIPMENT AND MANIFOLDS DESCRIBED IN THIS SPECIFICATION SHALL BE ASSEMBLED AND TESTED UNDER DESIGN 
VACUUMS AT THE VENDORS SHOPS TO ASSURE PROPER FIT, VACUUM TIGHTNESS AND THE GENERAL OPERABILITY OF THE 
DESIGN. ROCHE INSPECTION AND APPROVAL OF THE RUN-IN TESTS IS REQUIRED PRIOR TO SHIPMENT. 


CHECKED BY 


GUARANTEES: 
THE VENDOR SHALL GUARANTEE THE MECHANICAL OPERATION OF THE EQUIPMENT AND SYSTEM PROVIDED FOR A MIN- 


IMUM OF ONE YEAR AFYER START-UP. HLR EXPECTS PROCESS GUARANTEES ON THE SPECIFIED DISTILLATION RATES, CON- 
DENSER PERFORMANCE, AND MAXIMUM PRESSURE DROPS, ENTRAINMENT, AIR LEAKAGE RATES AND UTILITY CONSUMP- 
TIONS SHALL BE SPECIFIED. ALL PRODUCT AND PROCESS SPECIFICATIONS WHICH THE VENDOR CANNOT GUARANTEE 
SHALL BE ENUMERATED. 





JO8 NO, PLANT LOCATION 


PROJECT NO, REF. DWG. NO. 
TITLE 





POSITION NO. SERIES STEP NO. 


$ 








E230B46 
SHEET 3 




















Wiped Film Evaporator—(continued) 


T F 



































| PROCESS DESIGN SECTION WIPED FILM EVAPORATOR 
CORPORATE ENGINEERING DATA SHEET SHEET 4 OF 4 
GENERAL NOTES 1 
Z| 1- VESSEL FABRICATION TO BE IN ACCORDANCE WITH THE FOLLOWING: 
< 
Н ü ASME CODE, SECTION МІН. STAMP REQ'D. O NOT аға, O 
О SPEC. UNFIRED PRESSURE VESSELS. 
2- SPECIFICATIONS TO BE COMPLETED BY VENDOR AND RETURNED WITH PROPOSAL. 
= 
= 
a 
È 
4 
ш 
2 
4 
а 
g 
т 
5 
| > 
| а 
à 
[.4 
> 
Е 
Е 
т 
a 
ш 
с 
> 
& 
т 
м 
č 
5 
I 
о 
в 
2 
Е 
< 
с 
a 
А 
о 
E 
a 
Е 
Е 
JOB NO. PLANT LOCATION SCALE 





PROJECT МО, REF. DWG, МО, 








(2452 BLDG. мо. 
ORAWING NO. и 


ә т {ТТЕ 

st 

at 

8 Ш | POSITION мо, SERIES STEP NO. 
wea 
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CHECKED BY [DES SUPRV, 





INITIATOR 











REMARKS 


PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 


ROTARY VACUUM DRYER 


DATA SHEET PAGE 1 OF 2 





OPERATING CONDITIONS 








MAT'L. TO BE DRIED: 


OPERATING PRESS, 0 0 0 00 — PSIA 





CHARACTERISTICS: 


DESIGN PRESS, PSIG 





BULK DENSITY: AVG, 
MIN, 
MOISTURE: 


JACKET DESIGN PRESS, PSIG 
LB./CU. РТ. HEAT TRANSFER RATE: BTU/HR. 
LB./CU. FT. UTILITIES AVAILABLE: 
ELECTRICITY: VOLTS/PHASE/CYCLE/- 





INITIAL MOISTURE CONTENT: 
FINAL MOISTURE CONTENT: 
АМТ. OF МАТ". PER BATCH 
WORKING CAPACITY REQ'D. 
МАХ. TEMP: WET. 


WT.% WATER: TEMP, MIN, OF 
WT. % PRESS,  . . PSIG 
LBS. STEAM: PRESS... . à  .PSIG 

СЦ. FT. TEMP. оғ 
9F  BRINE: PRESS. PSIG 





DRYING RATE: 
EST. DRYING TIME/BATCH 
MOISTURE RECOVERY: ВЕС'О. O 


LB./HR. TEMP. ОЕ 
HRS, ОТНЕН: 
Nor REQ’D. О 


MECHANICAL DATA 








MFR. 

SIZE& TYPE 
TOP OPENING: 
BOT. OUTLET: 
DRYER RPM: 


VACUUMSEAL: TYPE 
PACKING: TYPE 
SIZE... NO. RINGS 

MECH.SEAL: MFR. 








TYPE 





REMARKS 


DATE |АРР Ну 








DRIVE: МЕН, 
ТҮРЕ 


COUPLING: MFR, 
TYPE 








MATERIALS 

















SHELL: 


MECH. SEAL: ROTATING FACE: 





INTERNAL FINISH Ж: 
JACKET: 


STATIONARY FACE: 
BOT. OUTLET VALVE: 





VACUUM TUBE: 
FILTER: 
PACKING: 


VACUUM PIPING: 
JACKET PIPING: 
GASKETS; 

















MOTOR DRIVE DATA 














ITEM NO./MTD. BY 


УАС. PUMP. 








He/RPM/FRAME 








МЕН, 
TYPE/INSUL. 





ENCLOSURE 


CHECKED BY |DES SUPRV. 








PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 


DATA SHEET 


MISCELLANEOUS DATA 


ROTARY VACUUM DRYER 


PAGE 2 ОҒ 2 














LIST OF ACCESSORIES TO BE FURNISHED 8Y VENDOR: 
С COMPLETE VACUUM SYSTEM INCL. PUMP, CONDENSER, RECEIVER AND PIPING 
[O COMPLETE HEATING SYSTEM INCL. PUMP, EXCHANGER AND PIPING 

П vacuum CONTROL SYSTEM 

П HEATING CONTROL SYSTEM 

П AUTOMATIC JOGGING AND POSITIONING SYSTEM FOR DRYER 

О INSTRUMENT SPECIFICATIONS FOR PURCHASE BY H.L.R, 

П BOTTOM OUTLET VALVE 

П THERMOWELL 

Г] VIBRATOR 

О UNMOUNTED EXPANDABLE SLEEVES 














REMARKS 










































































VOLTS/PHASE/CYCLE | 





BEARINGS/LUBE. | 








FULL LOAD AMPS/SF 
LR. AMPS 





INITIATOR 














JOB NO, PLANT LOCATION 
PROJECT МО, REF. DWG. NO. 
TITLE 


JOB NO. PLANT LOCATION 
PROJECT МО, REF. OWG. NO, 
TITLE 








POSITION NO. SERIES STEP NO. POSITION NO, SERIES STEP NO. 














Е219835 

















Е219835 
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KG-1135 (6-81) 










































































































































































































































































































KG-1124 (7-81) 

















































































































































































































































































































m 
BOILER DATA SHEET PACKAGE BOILER DATA SHEET 
BOILER SHALL BE FURNISHED IN ACCORDANCE WITH THE M. W. KELLOGG COMPANY SPEC. м. Ж ap a, 
Ж = g pm a eT Б t PIN ACCORDANCE WITH KELLOGG SPEC. 
1. OPERATING CONDITIONS 11. EXPECTED PERFORMANCE ШІ EQUIPMENT Ei 
ey о 
2 Е 
RATED CAPACITY: PPH CONTINUOUS PER UNIT [ ЕК > & |ншент,ғт ЕВ 
: à ін. EAM ACTUAL М, LB/H Ф 
STEAM EESSUHE КӨ AT. SH giae: 8T мыны а кеі эс T DESIGN PRESSURE, PSIG ж ARRANGEMENT, 
TEMP.: F AT S.H. OUTLET | BLOWDOWN % - —— 
STEAM SH ч Ме. FURNACE TYPE. — 58 
о FIRED OPERATION| FUEL 
N iR RATIO! + FURNACE VOLUME, CU. FT. 88| FURNISHED ву 
FEED WATER TEMP. —.. Е. BLOWDOWN. —- % | LOAD DURATION uk 
T Tc v 
FUEL FURNACE LIBERATION Е 
7 HEATING SURFACE ШІ FURNISHED BY 
M.B.T.U/CU, FT/HR. = 7 
"T (RADIANT SURFACE: FLAT PROJECTED BASIS, 8] IN ACCORDANCE WITH KELLOGG SPEC, Mac 
АРА GRAVITY FURNACE HEAT RATE | L к! 
ЕН T: c CONVENTION SURFACE: CIRCUMFE RNTIAL BASIS) 
% BY T EXCESS AIR LEAVING BLR, % Е ED EE AERA ~ | gg] POLES мш 
= - X — 8 BOILER, SQ. FT. 951 ЗОРЕВНЕАТЕВ zm 
ASH 5 FUEL (GAS СЕМ) в 
г TOTAL, 50, FT. » AIR HEATER e 
HYDROGEN } Ж БЕ | ELUE GAS ENT, А.Н. ILLI тыс 
1 28 == | 
CARBON X8 | FLUE GAS LEAVING А.Н. М is 
я DLL———————- DRUMS: TA ШЕ | SETTING (OVERALL) 
SULPHUR 9 AIR LEAVING А.Н. 29 
+ NO. REQUIRED O°) UNIT (OVERALL) 
STEAM AT S.H. OUTLET — PSIG 
UPPER DIMENSION M 
SUPER HEATED STEAM | | 
- LOWER DIMENSION O p| STEAM dm 
FLUE GAS LEAVING BLR uin 
i VERT. HT. (C.L. TO C.L.) 22 | WATER FEED 
гі FLUE GAS LEAVING B zo 
“] a - СЕ) CHEMICAL FEED 
= | WATER ENT. ECON, 1 Lm ó 
u = Tu | ТУРЕ Же BLOW-DOWN 
Гы WATER ENT. BLR. д шы 
E«| TEMP. CONTROL > 
AIR ENT. А.Н. as m 
= | SURFACE AREA, SQ. FT. D Е | SHIPPING LBS 
| AIR LEAVING А.Н. n = 9 | оьендтіме BBS: 
FURNACE 2r 2 2 
QE lSoER ANDE gu | түре MAX. ERECTION Les 
—+ йш —* I — OS | SURFACE AREA, SQ. FT. 
БЕ ECONOMIZER IV GUARANTEE CONDITIONS 
- Damen |} | | ОИ 1 
HI H 
p AIR HEATER gg туге 
H.H. V. BTU/ 69 | кшз T 1 «t 
Bs + = | SURFACE AREA, SQ. FT FUEL 
1.H.V. BTU/ Е | МЕТ DRAFT Loss A р 
PSIG G BURNER ACROSS INST. CONNECT CAPACITY, P.P.H. 
TEMP. @ BURNER Е a @ STEAM TEMP. DEG. F. 
Я : R ш T 3 
" BURNERS WINDBOX E. E RANGE | RANGE (G S.H. OUTLET) 2 
DUCTS - 
25 5 GAS THERMAL LFFIC. % 
EATER 
TYPE OF INSTALLATION; < қ AIR НЕА z 1. т 1 _ Ег МАХ. МЕТ DRAFT LOSS 
CASING: ыы а= NET RESISTANT dE esu Бие НЕ MAX. МЕТ AIR RÉSISTANCE 
шо 2 ê SOLIDS CARRY OVER F.P.M, 
AMBIENT TEMP: F ш2 1 94 Nm BLOW-DOWN a 
ALTITUDE: —_. FT. ABOVE SEA LEVEL| © 4 | ET FEED WATER TEMP. DEG. F. 
DESIGN WIND LOADING: LB/SQ. FT. oz MAX ALLOWABLE BOILER 
EFFICIENCY % zo Ld ets 
EARTH QUAKE LOADING: ZONE. об CONCENTHATION Р.Р.М 
INSTRUMENT AIR: PSIG ВАА: НО t — 9 FURNISHED ВУ 
d£ | МЕТ RATING ИН AT 
шш | TEST RATING ----- 
d£ | мет RATING 
ша. | TEST RATING =F "m n 
START-UP _| - жне 
| = oe 
| а MANAGING OFFICE ENGINEERING OFFICE 5 | e MANAGING OFFICE ENGINEERING OFFICE 
2 EQUIPMENT DATA SHEET 714 zi _ - EQUIPMENT DATA SHEET 
o 913 
n CLIENT = B жн Иен J CLIENT 
2 LOCATION... JOB NO. 2 2 1 LOCATION. —— - JOB NO. 
тз - ІТЕМ = «|1 | ITEM 
а ITEM NO. SPEC. NO. RSEN Z] ITEM NO. SPEC. NO... 
L NO. DATE ENGINEER | CHK/REVIEW] APPROVE | REQ'N. NO. PAGE ОЕ NO DATE 1 ENGINEER | CHK REVIEW, APPROVE REQ'N. NO. PAGE OF 














004 


— 9400-100 А UN — 


13 
19 
29 
21 









































































































































































































































ІН INDUCED DRAFT COOLING TOWER sa w хови 02407 КЕЛЕ 
STONE & WEBSTER ENGINEERING CORPORATION Page 
SERVICE: ENGLISH/METRIC UNIT INSTRUMENT SPECIFICATION PORT 
MANUFACTURER: MODEL NO. j| спев 3.0, No. 
SITE ELEVATION: PREVAILING WIND DIRECTION a| Apparatus Project No. 
TOWER DESIGN {Service Date By 
DIMENSION: LENGTH WIDTH HEIGHT {Based on Process Page Dated 
HEIGHT: BASIN CURB TO FAN DECK FAN STACK INSTRUMENT CASE BULBS OR THERMOCOUPLES 
Н. W. INLET ABOVE BASIN CURB ES location 
COLUMN EXTENSIONS( ЕТ. BELOW BASIN CURB):PERIMETER INTERNAL тле su tre 
ACCESS TO TOP OF TOWER: "Lacs rut ето Май 
AIR TRAVEL THROUGH Ее: AVG.FILL HEICHT p орыс, ak ellen Socket имеш 
TOTAL VERTICAL FILL HEIGHT: AIR VELOCITY THROUGH FILL И ета m : 
FILL SLAT SPACING: HORIZONTAL VERTICAL pete тиді. Ерінен аа 
LOUVER ANGLE. GROSS LOUVERED AREA... FAN DECK LIVE LOAD рынын x E в билен Ба Neck deag а 
MATERIALS OF CONSTRUCTION ] 12) Range Hew Беде Pres Bandara Pipe Tet T dum: 
FAN STACK: PARTITIONS SHEATHING 13 Temp. Diff. Press. Bulb Distance From Instr Below Relow 
ITEMS RECEIVING PRESERVATIVE TREATMENT: Ше pee ыы са REN RESPONSES 
ts lume тшге! on B ТАҒ” 
ЕАМ BLADES: STAIRWAYS FILL SUPPORTS 16! Clock. Bloctrle — Spring Wound. 24 Hoar Throttling Band ЕЕ 
DRIFT ELIMINATOR SUPPORTS STRUCTURAL CONN. npe LR Ое м annal 
RING JOINT CONN: MECHANICAL EQUIPMENT SUPPORT 18] Ассемюгіта | tek 100 Charta etc to be included Rate Response Yes — No 
FAN HUB DRIVE SHAFT ed | INSTRUMENT ED CONTROLLED VALVE — Item № 
EQUIPMENT 20 Miss ы ыы; 
FANS: MANUF ACTURER MODEL NO. 21} tetto Berries 
HUB DIAMETER AIR DELIVERED A. C. F. M. HE В 
SPEED REDUCER: MANUFACTURER MODEL NO. as | Float Воду сөп Matl Trim Vaive Size in. Drilling 
DRIVE SHAF T! MANUF ACTURER MODEL NO. 24| Float Flange Conn. Bize Drilling | Plug Type Valve | Balenced Parabole ¥-Port or Equal 
RATED Н.Р. COUPLING 25 |_Fisat Bre. in. май Type Dis igi Loaded 
DRIVER MANUFACTURER MODEL NO. — .—— MOTOR HEATERS? YES/NO зе| Stung Box With Grease fal Body мма Trim 
Elect. Area Class: Class ___ Gr. Шіу. ___/Non-Hazardous; Volts Ph. Hz gr Өтте Flan Heu d нет ВЕ — Rote 
Enclosure Insulation Temp. Rise _ OC above. 0C Bv. ӨСЕР Tem Code — ga} Orifice Plate май Stuffing Rox With Grease Baal 
Current Eff. [P.F. |Full Brg. Aliow-Ihrust|Space |_| 2o itr Body pit Range | 0— n. Water Column Oyeratiag Medium. рл» е 1e ga Corrosive Xo. 
Full [Locked | 4 13 [4 |3 | Load | Frase | Lub. | Weight Up/Down Heater|S.F. ao | ont Rody Located ft below orien DIR | vale Action Chai with Pall of 
| Load | Rotor | 4 |4 [4 | 4 [RPM | No. | (1) | LB/KG LB/KG Watts a1 | rte Body Distanoe ft trom stie Piate Close with Failure of 






































E 











FANSTACK VELOCITY RECOVERY YES/NO. 
DISCHARGE ARE DISCHARGE VELOCITY. 








HEIGHT 


| = 





DRIFT ELIMINATORS. TYPE MCDEL 
PRESSURE DROP. DRIFT LOSS 


NO. 




















VALVES STOP. 
FLOW CONTROL FLOAT CONTROL ————— n 
ERECTION 





LABOR BY: UNLOADING & HAULING BY 


SUPERVISION BY 





Mercury Included 


з} Sealing Medium 


Vaive Positioner 


Radiating Fins 


Хез. No with Bypsm 


Yes - No 











CONDITIONS AND REQUIREMENTS 











































EST. MANHOURS REQ. FOR ERECTION FREIGHT 
Г MISCELLANEOUS 





MW KELLOGG SPECIFICATION: 141-22. SNOW LOAD SPECIFICATION 





WIND & EARTHQUAKE SPECIFICATION: PAINT SPECIFICATION: 
NOTES: 














Еа F MANAGING OFFICE ENGINEERING OFFICE . 
vi 





DATA SHEET 





CLIENT. 
LOCAT HON цав мо. 
ITEM INDUCED DRAFT COOLING TOWER 


REVISIONS 








-i 





ITEM NO.. SPEC. NO. 














СНК/ REV ТЕМ 


REO'M. МО. 





PAGE оғ 





53 





















































In Control Valve. In Control Valve 
Fluid Nor Quantity @ H 
Spar @ 60° Y Water = 1 
Spr @ Nor TEP Water 21 
| Усов НУ ер i epa oF lb ga 1һ 
Curroston Present. Yes No Yes — No Max Pressure (Up Btroam) 1b ga Ib ya 
Line Biza in. in. | Down Stream Pressure № л. lb ga 
Normal Temperature ЗЕ °F | Pressure Drop 1 Ib 
Max Temperature E ep | Amount of Superheat p3 2 
| Supply Metal Tag, securely wired, marked with Item Number 
REMARKA 
For Typical Installation Detaila See 
General Specifications for Instrument, Page ; for Valve, Page 
Date Checked Date Approved Date 


Cony to 
Revised: 





LOZ 


DIFFERENTIAL PRESSURE TYPE FLOW INSTRUMENT 





SERVICE DATA 






PRESENT 
ITEM NO, 


LOCATION ... 
SERVICE 
































LINE SIZE 
ORIFICE SIZE (Bevel) iS 
MANOMETER (Range & Mfg.) 
MANOMETER TYPE (Mercury, Aneroid) 
CONNECTIONS (Flange & Series) 
FLOWING FLUID 
SP. GR. AT 60F 
FLOWING TEMP. 

FLOWING PRESSURE 
SEAL MATERIAL 
SEAL TEMP. 
SEAL GRAVITY AT 60Ғ 


































































N. Y. PURCHASING MATERIAL REQUISITION 
DEPT. FOSTER WHEELER CORPORATION 
165 BROADWAY 
NEW YORK, U. 6. A. 


TEMP.-PRESS, 
INSTRUMENTS 





CUSTOMER'S NAME. = REQUISITION No. 
CONTRACT No. 


ITEM... — —— DATE. 

















PAGE No. 
SERVICE - CHANGE No... 











INSTRUMENT 








——- TEMPERATURE BULBS ---- 








MAX. FLOW 
CHART NO. 

















INSTRUMENT 











PRIMARY METER 
TYPE = Recording, Indicating, Blind, Transmitting 
MFR. MODEL 

MANOMETER = 1500 psi - Carbon Steel 





REMARKS 






























RECEIVER 
TYPE - Conventional, Miniature, None 
MFR. MODEL. 

MOUNTING - Control Board, Local 
CHART TYPE ~ Circular 24 Hour, Strip 
CHART DRIVE - Spring, Pneumatic 


































CONTROLLER 
TYPE - Conventional, Force Balance, Pneumatic 


MFR. MODEL 

MOUNTING - Control Board, Field 

MANUAL CONTROL BYPASS - Yes, No 

PNEUMATIC SET - Adjustable, Fixed, None 

CONTROL FEATURES - Prop. Band, Reset, Rate 

INCREASE IN FLOW, OUTPUT TO - Increase, Decrease 
REQUISITION OR REQUEST - 
REF, SPEC. SHEET- 
REF. DRAWING ~ 
INST. TAG РАТА 




























































HUMBLE OIL & REFINING CO. 
BAYTOWN ENGINEERING DIVISION 
INSTRUMENT SPECIFICATION 


Sub lone 
No. 






















Length Below Threads. 
Ext. Above Thread: 
8. P. T. Size... — 

















type air reducing valve, 
charts, ink set and air gauges 














CONTROLLED VALVE 


. | Operating Medium... es (9. — Lbs, Ga. 
Valve to. 2 
Valve ammm With Failure of Air 
Air-Cooled Bonnet Required- 
Valve Positioner Required... mmm 
„| Extra Reducing Valve and Filter Required... 
Special 















iaphragm Control Valve 
Ends. 










Faced and Drille 
Trim eco es 














SERVICE CONDITIONS AND REQUIREMENTS 
VALVE VALVE 


Nor. Quan. 9... 9 Е. 


Max. Quan, Q.....—9 EF... 
Nor. Press. (Upstream) 
Lb. Ga. ~. BON > ВЕСЕ ен күл 
Мах. Press. (Upstream) 
Lb. ба... P SUPREMI NE 5 
Downstream Press...... 


Pressure Drop... 























Fluid. ETE 

Sp.Gr.G 60e F. Ай, 1 
Sp.Gr. @ Nor. Con.(T & P) |- 
Viscosity @— Е. |. 
Line Size 
Normal Temp., ? Е. 
Max. Temp, ° F. 



































REMARKS 











1000 Sets 5-42 Printed in U. S. А. Form D41-A 





202 


FORM NO, 2788 





LEVEL 
INSTRUMENTS 
SPECIFICATION 

SHEET 


LOCATION 





FILE NO. 





ITEM NO. 





PREPARED BY 


W.O. NO. 
DATE 





CHECKED BY 


DATE 





APPROVED BY 


DATE 





ANipicATES REVISION 


GAUGE GLASSES 
AND COCKS 
Mud SPECIFICATION 
Company SHEET 





LOCATION 
iTEM МО. 





PREPARED ВУ 
СНЕСКЕО ВҮ 





APPROVED BY 





AXwwoicates REVISION 








T — 





GENERAL 


NO 





SSEL ОВ EQUIPMEN О 
BODY 





MATERIAL 





[TOP СОМЫ LOCATION 





BTM CONN LOCATION 





ICONN -SIZE 





СОМЫ SCREWED OR FLANGED 


| 





САЗЕ MOUNTING 





FLANGE ORIENTATION 





|ROTATABLE HEAD 





FLOAT OR DiSPLACER 





DIAMETER OR LENGTH 








EXTENSION 





MATERIAL 








[TORQUE TUBE MATERIAL 





TRANSMITTER 


CONTROL 











| RESET 























AGE GLASS CONNECTIONS 





AGE GLASS 





PURGE CONNECTION 





ELECTRIC SWITCH 








SERVICE CONDITIONS 



























































REPRODUCTION OF STANDARD NO. 





53.0271 





== 


SUPPLY 
NO NIPPLES REQUIRED 


connections [_}1/2" 0374" 
Отор а воттом [sine 
[[WELDING PAD OTHER 
ОѕтеЕ. OTHER 





MATERIAL 
MINIMUM RATING 


Пваловскв омьх[ОвАУСЕЗ s cocks 


TYPE Гтвлмвравент( тив ан (JREFLEX||17|CONNECTIONS-NPT 


2516 @ 


GAUGE COCKS | 


Поғғвкт 
VESSEL 
5 | MALE 
Гваск [ 1/2" 
L]s/4" 


OTHER 


16|ТҮРЕ 














-ACCESSORIES. 
ILLUMINATORS: 


15|suPPLY LJcocks ONLY 


ПаАмсі.е 
GAUGE | DRAIN 
FEMALE FEMALE 
Ove" Dh" 
Оз/а" [aa 
[1 o 








TRIM 








BODY 
18 кх 





19|МІМІМИМ RATING 


PSIG © Е 





LI PLAIN CLOSING 
[Г] naNpwnuEEL 


vESSEL [] PLAIN UNION 


CONST. 





SHIELDS: 


CONN. П SPHERICAL UNION 





HEATING-COOLING INTERNAL 
CHAMBERS EXTERNAL 


INON-FROSTING TYPE: 


eAucE [L] PLAIN UNION 
сомы. П SPHERICAL UNION 
BONNET Г] SCREWED 








ICALIBRATED SCALE 


screw [Ц msio 





SUPPORT PLATES: 


RENEWABLE SEAT 





GUARD RODS: 
OTHER 


BALL CHECKS 
PACKING []mFR ѕто 











VISIBLE < 
LENGTH | CPLGS 


28|MFR MODEL NO, 


О аек crosine 


[C] LEVER HANDLE 

Г] ѕошо sHANK 
OTHER 

О PLAIN 

OTHER 

Оомюм( вот» 

[ loursipE 

Oves О мо 

Oves О мо 

— _ОТНЕВ 














SERVICE 





ACCES- 
SORIES 
























































1 | 




















REPRODUCTION OF STANDARD NO. 53.02-2 














€04 


CONTROL VALVE SPECIFICATION SHEET 


SPECIFICATION No. —— ЕЕЕ 


| в/м NUMBER 
ITEM NUMBER 


TAG NUMBER 
INSTRUMENT OR CONTROL SERVICE 


FLUID THROUGH VALVE 
, CORROSIVE DUE TO 
































































































INLET ОР, TEMP., ^F NORMAL F 
2 ЗЕ А ^ — MAXIMUM | СЕУ 
О | INLET ОР. PRESS., PSIG, NORMAL ЕЕ 
= MAXIMUM 
К | PRESSURE DROP, FSI, NORMAL. 
np MAXIMUM 
5 NORM. FLOW AT NORM. ОР. TEMP., VAPOR Y 
о и LIQUID xA 
TOTAL E Е 7 
M MAX. FLOW AT NORM. ОР. ТЕМР., VAPOR 
ш LIQUID 
9 TOTAL 
9 М.М. OF VAPOR 
п. |SP. GR. OF LIQ, REL. TO WATER AT 60°F 
AT NORM. OF. TEMP. 
VIS. OF LIQUID, срв (% ^F 
CPS @ °F s 





CATALOG OR TYPE NO. 
NOMINAL SIZE, INCHES 
REDUCED AREA FORTS 
BODY CONNECTIONS & RATING 
FLANGE FACING 
LUBRICATOR REQUIRED 
MATERIALS: BODY 
ў PLUG 
А SEAT 
TYPE OF PLUG. 
TYPE OF STUFFING BOX 
ACCESSORIES: VALVE POSITIONER 
“PILOT RANGE 
“FINS REQUIRED 
ACTUATING FLUID 
VALVE TO; OPEN WITH INCREASE OF 
CLOSE WITH INCREASE OF | 
ON ACTUATING FLUID FAILURE, VALVE TO: | | 















































CONSTRUCTION 




















REMARKS: 


























REVISION 
BY 
DATE 












CHECKED BY: 
DATE: 


MADE BY: 
DATE: 





ARTHUR С. МСКЕЕ & COMPANY 
FORM 459 


CLEVELAND, OHIO 


по FORM 2834 5-64 

































ENERA 











LOCATION FILE NO. 
VALVE ITEM NO. JOB NO, W. о. NO. 
OPERATOR PREPARED BY DATE 
мыз"! SPECIFICATION CHECKED BY DATE 
p SHEET APPROVED BY DATE 

















LN INDICATES REVISION 


INFORMATION 














NUMBER OF UNITS REQUIRED 
OPERATOR 

2| Clevcectric (О pneumatic 

(1 PNEUMATIC HYDRAULIC 

3 | MODEL м. 

4| TIME: FULL OPEN MIN 

FULL CLOSE MIN. 


5$ | MINIMUM TORQUE OUTPUT W/FULL. 
POWER GAS PRESSURE 





Г] nvonautic 


















ELECTRIC 





POWER SUPPLY: 

VOLTAGE 
14| MOTOR ENCLOSURE: 
П crass 1 P.D () GENERAL PURPOSE 
П отнев 
П BREATHER AND DRAIN 
15| DUTY RATING: 

Ois min. 










РНАЗЕ FREQ. 









[] мім. ГІ continuous 
(16) BEARINGS ТҮРЕ _ 





PILOT VALVE 

20| ELECTRIC: 

ГІ crass 1 ce.» [Г] Generac Purpose 

0 отне® 

21| VALVE ACTUATION: 
PILOT VALVE 

Dlactuates 

22| VOLTAGE 

23! PNEUMATIC: 
PILOT PRESSURE FOR VALVE ACTUATION 

(increases: П pEcreases 

24| CONTROL SYSTEM: 

O оме МАМЕ O Two valves 





ПІ peactuates 


О автеоваі. 
CLASS 1 GROUP D 


=] GENERAL. PURPOSE 
OTHER. 


MOUNTING: 
ENCLOSURE: 






























36| їмїт LicHTs: [] соса 0 нтв. мто. 
37| Г| REMOTE SLIDE WIRE TRANSMITTER 
38| [] REMOTE POSITIVE INDICATOR W/PWR, SUP, 

















ACCESSOR 


18 
19 


27 
28 


29 


зо 


: nea ELECTRIC CONTACTER 























| Г коса. 


LL] мамил. 












MANUFACTURE: 
FIGURE МО... SIZE — кот = 
DESIGN PRESSURE ——— A" PST 
MAX DIFFERENTIAL PSI 
VALVE STEM POSITION: 

(Horizontal (С) VERTICAL. 


GEAR RATIO 
TORQUE REQUIREMENT 

















PREUMATIC OR HYDRAULIC 











POWER GAS: 

О air П sas 

PRESSURE PS! 
DRIVER MOTOR: 

ПІ Turene П vane П Piston 


О VANE MOTOR W/GEARING 





g EMERGENCY SHUT DOWN SYSTEM 
ESD OPERATION WHEN PILOT: 

О PRESSURIZED B DE-PRESSURIZED 
SYSTEM PRESSURE 
VALVE ОМ SHUTDOWN: 

О то open 0 то соб 

ЕЗО ТО OvER-RiDE:(] REMOTE OPERATION 








MANUAL OPERATION 


OVERRIDE: 
LI AUTOMATIC 
PUSHBUTTON 


[1 MoMENTARYL_] MAINTAINED 
| | REMOTE [| INTEGRALLY 











CONTACT: 
MOUNTED: 


HEATERS: О оуві-оло HEATERS 
ПІ SPACE HEATERS 


О WITH THERMOSTAT 












TYPE OF ELECT. SWITCH 
NORMALLY OPEN IN EA, DIR, OF TRAVEL 
———NORMALLY CLOSED IN EA, DIR, OF TRAVEL 





















































JUNCTION BOX 
REPRODUCTION OF STANDARD NO 53.02-3 


39| ГІ INTEGRALLY MOUNTED REVERSING STARTER 43| ADJ. TORQUE Sw: []oekENEDEND[] CLOSED END 
40] (_] MANUAL HAND VALVE: 44| ENCLOSURE: (0 ExeLosioN PROOF 
44---мо.оғ RELAYS(_] TIME DELAY [Г] AUXILIARY О] GENERAL PURPOSE 
42| LIMIT SWITCHES:[ ) ELECTRIC [0 рмєимАтїс |45| C] MANUAL HAND PUMP 

ADJUSTABLE POSITION 46 GAS HYDRAULIC TANKS 

П cear DRIVE 47| Ш/А. NECESSARY ADAPTERS TO FIT UNIT TO VALVE 
ав) | | POWER STORAGE TANKS 
MISCELLANEOUS 
(О ALL WIRING BROUGHT TO EXPLOSION PROOF 30| [[] ALL TUBING BROUGHT TO BULKHEAD FITTINGS 














POL 


ARTHUR б. МСКЕЕ & COMPANY 
RELIEF VALVES 


REVISION DATE 
ITEM No. 








TAG №. _ 





VALVE SERVICE | 




















MANUFACTURER & TYPE No. 





NUMBER VALVES REQ'D. 
|. NORMAL SYSTEM PRESS., PSIG. 
NORMAL SYSTEM TEMP., °F. 











GOVERNING UPSET CONDITION | 





ACCUMULATION, PERCENT 





FLOWING FLUID 





FLOW QUANTITY, GPM, SCFM, Z/HR. 
FLOW SP. GR. OR MW. 





FLOW TEMP. ^F. 
FLOW VISCOSITY 








SET PRESSURE, PSIG. 





ACCUM. INLET PRESSURE, PSI. ABS. 





BACK PRESS., PSIG. (STATIC-VALVE cL.) 





__REQ'D. ORIFICE AREA, SQ. IN. 








VALVE SIZING CONDITIONS 


MADE BY. 
DATE. 


| 


NOMINAL SIZE, INS. р 
ORIFICE AREA, SQ. IN./VALVE 











TOTAL ACTUAL AREA, SQ. IN. 





BODY СОМЫ, & RATING—INLET | 





—OUTLET 





BODY & BONNET 





TRIM 





SPRING 
RADIATING BONNET _ 








CONSTRUCTION 


STYLE TOP 











LIFTING GEAR- -REG./PACKED 














TEST ROD 
ә 


МАРЕ ВУ. 
DATE. 
APP. BY. 
DATE. 


REMARKS: 













































































CONT. No. 





FORM 455 500 3-56 


ED-325-| PRINTED IN USA. 


ап tha berrowers' express agreement that they 


е use permitted by any written consent given by the lender to the borrower, 
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drawing and the design it covers are the property of THE RALPH М. PA. 





CENTRIFUGAL PUMP DATA SHEET 


FOR JOB но, 
PLANT PUKP KO. 
LOCATION 30. UNITS 
SERVICE MOTOR DRIVE 
VENDOR - SIZE а MODEL TURBINE DRIVE 
TYPE SERIAL М0. 
OPERATING CONDITIONS 

FLUID 
PUMP TEMP. *F DESIGN GPM @ PT 

SP. GR.Q P.T. DISONARGE PRESS.-PSIG 
VAP. PR Q PT- PSIA SUCTION PRESS- PSIG 

visc @ РТ- $31 AP Psi 
DESIGN 



























































FY. 
FY. 


NPSH REQD. 
NPSH REQ'D, 


MATER 
FLUID 





































































CASE SPLIT RADIAL BRG TYPE SHAFT- NAX.DIAM. — "AT GPLG 
SUPPORT THRUST BRG TYPE WEAR RING CLEARANCE 
IMPELLER TYPE BRG LUBE STUFFING BOX 10 “DEPTH 5 








BASE PLATE 
СРС GUARD 


06088055108 ALLOW. VISIBLE LUBRICATOR 


GW PIPING FURNISH BY 


COOLING WATER n0 PSIG | NOZZLES | POSITION] SIZE | RATING 





















































C. JACKETS арр. [epu [tests [аео | witnesseo | 
RAD BRE SHOP INSPECTION 
THRUST BRE | HYDROSTATIC 
PACKING | PERFORMANCE 
PEDESTAL РН 
MATERIALS 
TASE PACKING THROAT BUSHING 
INPELLER M 1 SIZE RING CASING GASKET 
CASE WRG RING NECH. SEAL GLAND 











IHP МАС RING ROTATING FACE BASE PLATE 
SHAFT STATIONAR” FAGE COUPLING 
SHAFT SLEEVE SEAL RING 


LANTERN RING AUX. GLANO 


PERFORMANCE 
ROTATION FACING PUNP CPLG 
SHUTOFF HD W/DESIGN IMP 
МАХ. М.Р. Psie @ IF 




































WEIGHTS : 
PUNP & CPLG. 
BASE 


TOTAL 
SPACE REQUIREMENTS : WITH DRIVER 


OVERALL LENGTH INCHES 
OVERALL WIDTH INCHES 
OUTLINE DRG Ж 
CROSS-SECTION № 
PERFORMANCE CURVE Ж 
erp 


NO. STAGES 

WAX. INPELLER - INCHES 
BID IMPELLER - INCHES 
МІН. IMPELLER - INCHES HYDRO TEST PRESSURE 


EYE AREA ~ $4. INOHES FURNISHED BY | VENDOR — [RM.PARSONS 


SPEED RPM PUMP 
DESIGN EFF % BASE 
DESIGN BHP COUPLING 
WAX. BHP, 81D IMP. CPLG GUARD 
WAX. BHP, MAX IMP, MOTOR 
TURBINE 


DRIVER 
















































































































NOTOR HP RPN TURBINE HP АРН 
VOLTS PHASE CYCLE STEAM PSIG *F. SUPER HT. 
ENCL. EXHAUST PSIG WR/HP - ВА 





TOTAL STEAM */HR. WT. # 
SPEC. NS 


FRANE Н+ MT. ж 
SPEC. N* 




























THE RALPH M. PARSONS 
COMPANY 
LOS ANGELES 







СЕ BRAUN & CO 








CENTRIFUGAL PUMP 








GENERAL. SPEC. 


PAGES PAGE 
SPECIFICATION 











PUMP CLASS 





















[LIQUID 
_{PUMP-TEMP Р 
ЦР GR Q PT 











ISUCT. PRESS PSIG 







BUBMERGENCE AVAIL FT. 
BUBMERGENCE REQD Е ИЕН 
ТОТА, SUCT LIFI ЕТ 








УАР PR @ РТ PSIA 





DIFF HEAD PSI 





NPSH AVAIL FT 





VIS Q РТ 58% 


DIFF HEAD FT 










CORR DUE TO 
SOLIDS 






MAX SUCT-PRESS PSIG 








INPSH REQD ЕТ WATER 
NPSH REQD FT OIL 








IF CRITICAL, MIN GPM 











MIN CASE CORR-ALLOW _ 












IMPELLER __ 


SUPPORT 
BRG LUBE 








COOLING WATER 








F LUSH 


REQD| FLUID 





PLG_ GUARD. 


THE C.W. NOFSIHGER COMPANY 


KANSAS CITY, MISSOURI 































































































ICAGE RING 

















WEAR RING 








[SHOP iNSPECT ION 









GLAND 





$04 










[THROAT BUSH 
SEAL 
MATERIALS 
PACKING ВОХ __ 










HYDROSTAT {С_ 

















..|RUNNINS 

























NPSH 








DIFFUSERS 
























LAND AND BUSH 






[THROAT-BUSH OR -RING BAL DRUM 
PACKING — _ BAL SLEEVE 
Басе RING. BASEPLATE 



















CASE STUDS. 





ECHANICAL SEAL — 









Lj. ROTATING FACE 





GLAND STUDS 














CASE GASKET 








STATIONARY FACE 





O-RING 




















































































































































CYLINDER 


LIQUIO CYLINDER MATERIALS 
VALVES 












CYLINDER 











VALVES 


DRIVER CYLINDER MATERIALS 


SHEET №0. 
RECIPROCATING PUMP 1ТЕН №. 
SPECIFICATION SHEET Е 
CUST. JOB NO. 
CUSTOMER к, NM Дака BATE 
LOCATION TER BY 
SERVICE №. REQUIRED. REVISED E 
MODEL ND. SERIAL ND. 
OPERATING CONDITIONS PERFORMANCE 
LIQUID GPM АТ РТ: NORM 41| CURVE NO. 
ФТОР RATED 42| OUTLINE DWG. NO. 
SP GR AT PT, DISCH PRESS, PSIG 43| PUMP SPEED, RPM 
VAP PRESS AT PT SUCT PRESS, PSIG 4| PISTON: STRORES/MIN FPS 
Vis АТ РТ: $50 CP 0-2 DIFF PRESS, PSI 45| ЕРЕ AT DESIGN 
CORR/EROS PROPERTIES DIFF HEAD, FT да| BHP: DES MAX 
____NPSHA, FT 41| SHUT-OFF READ, ЕТ 
CONSTRUCTION ЕЕЕ RELIEF VA: INT - EXT 
ee SETTING, PSIG 
ARRANGEMENT: HORIZ - VERT so | GL WATER OPW 
DIRECT - SINGLE - DOUBLE ACTING т БЕЛІНЕ ТТІ; 
SIMPLEX - DUPLEX - TRIPLEX РОН. ҒААМЕ: PISTON - PLUNGER PEDESTAL 
CASE DES PRESS, PSIG SWP, PSIG 
TAPPED CONNECTIONS: VENT - DRAIN - BAUBE — — a psia DE 1 
NOZZLES SIZE RATING FACE LOCATION TAGKETEDSSYES “ONG 1 
SUCTION 4----- STM PRESS, PSIG T,9F 
D1SCHARGE 
(17| PUMP SIZE. IN: ВОЋЕ STROKE SHOP TESTS 
CYLINDER LINER ЖЕСІ SHOP INSPECTION 
| VALVES(LIQ) TYPE NUMBER AREA, SQ. IN. PERFORMANCE 
SUCTION HYDROSTATIC, PSIG/OF 
DISCHARGE 61) WITNESS 
BEARINGS: RADIAL THRUST 82 
LUBE: QIL - GREASE DILER: YES - NO ЖЕТ ВНТУ: 
CPLG: MFR MODEL GUARD: YES - NO PUMP DRIVER 
BASE: MFR.STD.- OTHER REDUCER SHPG 















DISCH COLUMN _ 
SURFACE HEAD 









































































AUX GLAND SUCT BELL 
DESIGN 
NO STAGES ROTATION FACING CPLG CPLG LT 55 
MAX IMPELLER SEAL CPLG SIZE 
BID IMPELLER PACKING SIZE я JRADIAL BRG 
MiN IMPELLER МО ОҒ PACKING RINGS — ... _[THRUST_BRG 
.JEYE-AREA SQ IN. SHUTOFF HD.. IMP, PSI COLUMN BRG 2% 
SPEED RPM. MAX WP -PSIG 6 SIGN THRUST, LB 
DESIGN EFF HYDRO. T! IG МАХ THRUST, LB = 
jDES 1GN. ВНР NOZZLE [ORIENT |SiZE THRUST DIRECTION 





-MAX BHP, BID IMPELLER 





SUCT _ 









LDISCH 


ЫТ W/O DRIVER, LB 
OUTLINE Е 








"ud MAX IMPELLER 














MOT OR__HP. 


RENE БЫР 














REMARKS SUPPLIER FILLS IN ALL DATA MARKED X _ 





CROSS SECTION pres =. 





PERF ORMAN 








CYL LINER PESTON ROO 





PISTON 


GASKETS 





LANTERN RINGS GASKETS 





PISTON RINGS 








































4-76 

















































FORM 21-A3, 














PISTON - PLUNGER PISTON ROD 
MOTOR ORIVER TURBINE/PISTGN DRIVER 
SUPPLIED BY MOUNTED BY SUPPLIED BY MOUNTED BY 
WFR TYPE MER TYPE | 
ENCLOSURE RPN HP RPM WATER RATE, LB/HP-HR 
НР клы AASE INLET STM PRESS, PSIG: НОВМ MAX 
FRAME INSULATION =< INLET STH TEMP, °F: NORM МАХ 
| VOLTS/PH/HZ TEMP RISE,OF _ EXHAUST STM PRESS, PSIG:NORM OTHER 
BEARINGS LUBE BEARINGS LUBE 
NOZZLES SIZE RATING LOCATION 
SPEED REDUCER: INTEGRAL - SEPARATE | INLET L 
MFR MODEL EXHAUST | 
RATIO CLASS API Gil: YES - NO SEPARATE DRIVER SPEC; YES - NO 











pe 


VENDOR TO SUPPLY INFORMATION MARKED ____ 





90/ 


ENG EQUIP 46 (5-77) 


ROTARY PUMP DATA SHEET 






















































































































































































FOR as = JOB NO 
LOCATION _. Б > Ton SHEETNO. 
TEMNO. —— 25 LS PAGE OF 
SERVICE eit 
NO. REQUIRED MOTOR DRIVE ———— TURBINE DRIVE PE 
OPERATING CONDITIONS 
PRODUCT HANDLED ы; - DISCHARGE PRESSURE 
CORROSIVE DUE TO ——....._ Loc SUCTION PRESSURE 
PUMPING TEMPERATURE . — ... DEG. Е. VAPOR PRESS. PSIA | DIFFERENTIAL PRESSURE 
GRAVITY AT Fy DEG. F. SP GR. ___. n API GR DESIGN HEAD —_ 
SP GP АТ SUC COND... ...... SP. GR. AT DIS. COND. | NPSH* AVAIL FT. NPSH REQUIRED 
Viscosity = _..DEG.F. | NPSH INCLUDES ____ FT.FT. STATIC HEAD — LIFT 
CAPACITY - G P D. AT 60 DEG. F. NORMAL -.____ s. | STEAM PRESSURE 
DESIGN -------- |% SATUR. OR TOTAL TEMP. 
G.P.M. AT PUMP. TEMP NORMAL ___ EXHAUST STEAM PRESSURE 
DESIGN MOTOR CHARACTERISTICS. VOLTS PHASE 
SPECIFICATIONS 
PUMP SHALL BE FURNISHED IN ACCORDANCE WITH 5 
| MANUFACTURER = HYD. НР. —NORMAL DESIGN 
TYPE c 2 = x PUMP. EFF. %—NORMAL .. DESIGN 
SEE ---- SPURS BRAKE Н.Р. --МОЯМАЕ DESIGN 
RATED CAPACITY ___._. . GPM. AT RPM | ВНР. AT RATED CAPACITY 
ROTATION—COUNTER—CLOCKWISE FACING COUPLING END MOTOR H.P. TURBINE H.P. 
SUC. FLANGE SIZE DRIVER (S) TO BE FURNISHED 8Y 
DIS. FLANGE SIZE PUMP BASE 
CASE DESIGN PRESS. e DRIVER BASE 
RELIEF VALVE TO BE FURN. BY oN COUPLING WITH GUARD 
MAX. REL. VALVE SET TO PREVENT MOTOR OVERLOAD — PSIG 
MATERIALS AND DETAILS 
CASE min. THICK — — | LUBRICATION 
END COVERS —— —— PACKING BOX—TYPE мо. 
FLANGES ЕЕ - dis SIZE—.D. ор LENGTH 











SHAFT 
SHAFT SLEEVES - 


PACKING ARRANGEMENT _ 








ROTORS 


SPARE PACKING 





DRIVE GEARS. — 





PACKING GLAND—TYPE 





RADIAL BEARING 





GLAND STUDS 








THRUST BEARING 





LANTERN RING 














GENERAL INFORMATION 





COOLING WATER DEG. F 
PACKING BOXES 
COOLING OIL LANTERN RINGS -____ DEG. Е 
FLUSHING ОН. TO THROAT BUSHING ~. 
COOLING WATER PIPING 


GLAND OIL PIPING BY 


SYSTEM BY 


INSULATION BY __—. 
INSPECTION—HYDRO. TEST 
PERFORM. TEST 








SPECIAL TESTS 





DIMEN. PRINT NO. SERIAL NO. 





МЕТ WEIGHT—PUMP AND BASE 





FLUSHING ОН. PIPING BY 


FOUNDATION BOLTS—TO BE FURNISHED BY KELLOGG. 





BYPASS CONTROL—TO BE FURNISHED BY KELLOGG. 


* NPSH AVAILABLE MEASURED TO ТОР OF PUMP FOUNDATION. 


REMARKS 


FLANGE STUDS—TO BE FURNISHED BY PUMP MFR. 


































REMARKS 





FLUID PUMPED 


CHEMICAL PROCESS PLANTS DEPARTMENT 
CORPORATE ENGINEERING 





FLUID CHARACTERISTICS 





TEMP, MAX oF MIN.. 
VISCOSITY AT MIN. P.T. 











OF NORMAL... °F 





SPECIFIC GRAVITY AT MIN. P.T. 
VAPOR PRESS. AT MAX, P.T. 





































ву |cHko|suPRv]| DATE 

















PACKING GLAND 





LANTERN RING 





CONSTRUCTION DATA 





ROTARY PUMP 


DATASHEET  Sheet10f2 


OPERATING CONDITIONS 








CAPACITY NORMAL GPM 
CAPACITY DESIGN GPM 
TDH DESIGN FT.FLUID 





SUCTION PRESS.. DISCH. PRESS, 
NPSH AVAILABLE 


HYDRAULIC HP 





FT. FLUID 

















TYPE OF OPERATION: CONTINUOUS п INTERMITTENT HRS/DAY 
LOCATION: 9 моооя$ O outooors 

> MATERIALS 

с 

Èj BODY МЕСН. SEAL: 

<| НЕАОЗ ROTATING FACE 
ROTORS STATIONARY FACE 
SHAFT METAL PARTS 





RELIEF VALVE 
CASING GASKET 











PUMP TYPE: 





PACKING: TYPE 


MFR. 





MECH, SEAL: TYPE 


MFR. CODE 





NOTES: 
SEAL FLUID: 
RELIEF VALVE: BUILT-IN 








MOTOR DRIVE 


DATA 















SEPARATE 





































































































NOT WITNESSED | WITNESSED | CERT. DATA 





SHOP TESTS 








































































ITEM NO. MTD. BY 
Н.Р. RPM FRAME Running Perf. 
дав MFR, о CPLG. GUARD INPSH 
2 Е TYPE INSUL. 
ш 15 ENC'L: CLASS I-GROUP DIVISION 1 
5 М TIC PSIG 
à ja OTHER HYOROSTA 
Ев VOLTS/PHASE/Hz: 
Б BEARINGS LUBE 
o FULL LOAD AMPS. 
ш LR AMPS 
9 MANUFACTURER'S DATA 
I 
|? — мея, PUMP BEARINGS 
MODEL МО. RPM PUMP LUBRICATION 
> NOZZLES | SIZE jASARATING[ FACING POSITION PRESS. IN SEALING CHAMBER — о PSIG 
z SUCTION SHAFT DIA. IN SEALING CHAMBER —— . — INCHES. 
= DISCH. WATER COOLING AVAIL. AT ----- PSIG ______ °F 
< МАХ. ALLOW. W.P. - PSIG TEMP. ———— — OF BEARINGS _________ GPM 
а NPSH ВЕО'Р. (WATER) FT. STUFF.BOX вм 
DESIGN EFF. DESIGN BHP PEDESTAL РМ 
B SHUT-OFF HEAD FT. TOTAL WATER REQ'D. GPM 
p ROTATION FACING CP'LG. END PACKING LUBRICATION 
® | CP'LG, MFA, SEAL LUBRICATION 
5-2 ТҮРЕ 
JOB NO PLANT LOCATION 
PROJECT NO. REF. OWG. NO. ISSUE 
TITLE DATE BLOG. NO. 












POSITION NO. 


SERIES 








STEP NO. 











Е 142850* (REV. 4/63) 





DRAWING NO. 















404 

















CHEMICAL PROCESS PLANTS DEPARTMENT 
CORPORATE ENGINEERING 


ROTARY PUMP 
DATA SHEET Sheet 2 of 2 


MANUFACTURER'S DATA CON 
BASE 









WEIGHTS: PUMP 
SEAL FLUSH 
SEAL QUENCH & DRAIN 
SPEED REDUCER: MFR. 
TYPE 


DRIVE 

















REMARKS 











BASEPLATE 











SPECIAL REQUIREMENTS & NOTES 
1. VENDOR 1$ TO QUOTE MOST ENERGY-EFFICIENT PUMP-DRIVE COMBINATION AS ALTERNATE IF DIFFERENT THAN 
UNIT(S) OFFERED. 
2. GROUNDING LUG TO BE PROVIDED IN MOTOR CONDUIT BOX. 
3. MOTOR SHALL ВЕ IN CONFORMANCE WITH FOLLOWING STANDARD PROCUREMENT SPECIFICATION: 
О E16 - 150P, PROCESS ELECTRICAL EQUIPMENT - LOW VOLTAGE MOTORS, ALTERNATING CURRENT. 
О £18- 151P, PROCESS ELECTRICAL EQUIPMENT - MEDIUM VOLTAGE MOTORS, ALTERNATING CURRENT. 
О E16 - 160P, PROCESS ELECTRICAL EQUIPMENT - VARIABLE FREQUENCY AC MOTORS 
4. MOTOR SHALL BE PROVIDED ІМ ACCORDANCE WITH DATA GIVEN ON STANDARD DATA SHEET FORM E242P1 
ELECTRICAL ALTERNATING CURRENT MOTORS. 





IPROJ. ENG. | 








CHECKED ВУ |ОЕЗ SUPRV. 









INITIATOR [BRAWN BY 








JOB NO. PLANT LOCATION 
PROJECT NO, REF. DWG. NO. 


TITLE 































POSITION NO. SERIES STEP NO. 























Е 142010" (REV. 4/83] 


Rotary Pump—(continued) 


KG-0977 (4-81) 


MOTOR DRIVEN PROPORTIONING & RECIPROCATING 
PUMP DATA SHEET 









































































































FOR: ee 225 ека zx А. 308 №. _— oe 
LOCATION: ы ITEM NO. .. 
SERVICE: IMS nap PAGE: оғ esi 
NO. REQUIRED 
RE SPARES: Е 
SERVICE CONDITIONS. z 
FLUID PUMPED x. DISCHARGE PRESSURE PSIG 
CORROSIVE DUE TO - к E INLET PRESSURE е — PSIG 
INLET TEMPERATURE Y DIFFERENTIAL PRESSURE PSI 
SPECIFIC GRAVITY AT INLET TEMP, _ Loo | VAPOR PRESSURE AT INLET TEMP, — PSIA 
CAPACITY AT INLET TEMP.NORMAL zx NPSH* AVAILABLE AT TOP OF PUMP FOUNDATION FI 
CAPACITY AT INLET TEMP. DESIGN NPSH REQUIRED AT TOP OF PUMP FOUNDATION --- үт 
MECHANICAL DATA (PUMPS TO BE FURNISHED IN ACCORDANCE WITH KELLOGG SPEC DATED: 
MANUFACTURER o o BRAKE KWNORMAL .....— DESIGN 2 7 
SIZE AND TYPE - INLET SIZE AND RATING zt b 
NO. CYLINDERS SPM .. -..- | DISCH—SIZE AND RATING 
LIQUID END DESIGN PRESSURE. — — PSIG | STEAMIN SIZE - БЭРРИ 
STALLING PRESSURE PSIG | EXHAUST SIZE 





PROPORTIONING PUMP DATA „RECIPROCATING PUMP DATA 


CAPACITY CYL. A MAX. MIN STEAM PRESSURE — = E " p 
CAPACITY CYL. В МАХ. __ MIN. ------- | % SATURATION OR TOTAL TEMP - 
L 

















TYPE CAPACITY ADJ. me EXHAUST STEAM PRESSURE ні 
RANGE ОҒ АО} |. . ____ -— 
BORE CYL. A - СУ. в бее 
STROKE CYL. А CYL. B 








TOTAL STEAM LB/HR NORMAL 4 DESIGN 








VALVE TYPE z 








STEAM END PACKING 


CASE е жез 

LINER . ———— - De. 

PISTON - = = 
PISTON ROD _____-— е, " — 

PISTON RING 


PACKING BOX ТУРЕ —_ —— — NO. OF, BOXES. — ___________ 
PACKING BOX SIZE ӨЛЕ шг. LENGTH 
PACKING TYPE — - 





MATERIALS 








CYLINDER үл а 

PLUNGER 25 5 2 

VALVE e = 
VALVE SEAT — FEX д 

VALVE SPRINGS 


MECHANICAL DETAILS 






































COMMON BASE FOR PUMP AND MOTOR BY —____ 
COUPLING WITH GUARD ВУ x а 
LUBRICATOR — 










































































































REVOLUTION COUNTER u Е П 100% C) 200% SPARE PACKING (BY MFGR.) 

INSULATION: STM END BY "m ШО END BY 1) LANTERN RING IN CENTER WITH CONN. PLUGGED 

ГІ HYDROSTATIC TEST WITNESSED | п GLAND о ON: GPM 
C PERFORMANCE TEST WITNESSED ЯР а FLUSHING Ой - - GPM 
О D COOLING WATER 

MOTOR DATA (MOTOR TO BE FURNISHED IN ACCORDANCE WITH KELLOGG SPEC. DATED ) 
MANUFACTURER EET. FRAME 225. = 

KILOWATTS L RPM RATED LOAD CURRENT... ке 

VOLTS PHASE .. CYCLE |. LOCKED ROTOR CURRENT —— - E E 
ENCLOSURE — er EFFICIENCY 4/4. n 3/4 1/2 қ 
SERVICE FACTOR ____ ы _ | POWER РАСТОЯ 4/4 2 „Зиа M22. Е 
TEMPERATURE RISE c | SPEEO REDUCER ТУРЕ RATIO 

GENERAL 

APPROX. BASE SIZE... aS " ~ TOTAL WEIGHT — А KG Б 
EQUIPMENT ТО ВЕ SUITABLE FOR OUTDOOR INSTALLATION SERAUNG 

5 NPSH — NET POSITIVE SUCTION HFAD TO TOP OF PUMP FOUNDATION =: = 
MANUFACTURER SHALL SUBMIT THIS SHEET FULLY COMPLETED WITH HIS QUOTATION 

REMARKS: S А Ж 
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PACKAGED REFRIGERATION SYSTEM 


erar Indoor/Outdoor; English/Metric Units 
Mfr: Model No. Qty. 
Design: ASME Code Section VIII, Division 1, Edition and all Mandatory Addenda. 
Stamped: Yes/No, TEMA Edition 
Dry Bulb Temp. Wet Bulb Temp. Altitude Barometric Press. 
Item No. Service Refrig. Temp. (In/Out) Refrig. Press. (In/Out) Duty 
Condenser i i 


Evaporator 


011 Cooler 























— | 
I des 





Cooling Mater: Supply Press. Maximum Ó Pressure 

Temp. In/Out Total Flowrate 

Compressor: Item No. Type Qty. 

Maximum Capacity 8 КРМ ВНР 
Condenser (ТЕМА 7): Item №. Туре Size Qty. 

Design Press. Shell Tubes Mat'l.: Shell Tubes 

Cooling Medium: Flow Inlet Outlet Press. 
Receiver: Item No. Type Size Mat'1. Qty. 
Design Press./Temp. 1 Oper. Press./Temp. 1 


Knock-Out Drum: Item No. Type Size Mat'T. Qtv. 


Design Press./Temp. 1 Oper. Press./Temp. / 
Sub-Cooler: Yes/No Item Wo. ype Size Mat'T. Qty. 





























Design Press/Temp. Oper. Press./Temp. 1 








е 
011 Separator: Item No. Type Size Mat'T. T. 


Design Press./Temp. $ Oper. Press./Temp. 

011 Heater: Qty. Volts Phase Hertz Watts 

011 Cooler (TEMA 7 ):Item No. Type Size Qty. 
Design Press.: Shell Tube Mat'i.: Shell Tube 
Cooling Medium Flow Maximum A Press. 

011 Filters: Item No. Type Size Micron Size Qty. 


Design Press. Oper. Press. /Temp. Mat'l. 
Flow Rate: Normal Maximum 25 Press. 
011 Pump: Mfr. Model No. Type Qty. 


Press.: Discharge Flow Max. Cap. e ВНР; Mat'T: 

Purger: Mfr. Model No. Type Qty. 
Size Mat'l. 
Motor: Compressor 
Mfr./Mod. No./Qty. 
Volts/Phase/Hertz П П П 


Enclosure/Insulation / 1 
тоир Division /Non-Hazardous . 


Area Class. Class 

Temp. Rise C above C by e S.F.; Temp. Code 

Space Heater Required: Yes/No: Heater; Volts Phase p Hertz 
Current 
НР | FuT1| Locked 


KW | Load| Rotor 




















ess than 200 HP 011 Pump 










































































Remarks : 
[5] MANAGING OFFICE ENGINEERING OFFICE 
5 
a КЕ CLIENT 
slal БЕНЕН БЕНЕН tecarto JORNO 
epal cp pole WEM 
[Г Т 1 ieu No — сәс LLL 
[vo] oare encineen |emunevew] aeenove | Rean. NO. PAGE oF 





Я Allow-Thrust|Space 
Frame|Lub.| Weight|Mtg.| Up/Down Htr. |S.Fj 
No. LB/KG |H/V LB/KG Watts 


хо со ы Q C 4» Q2 PO i. 











PACKAGED REFRIGERATION SYSTEM 


















STAGE Units 





Oper. Parameters LOM STAGE HIGH 
Capacity % 

Inlet Flow 

Inlet Temp. 

Inlet Press. 
Outlet Temp. 
Outlet Press. 

BHP 

Pockets/Valve Open 



































RECIPROCATING COMPRESSOR 









































Mfr. Model No. Qty. 

















Cylinder Data: Low Stg. High Stg. Low Stg. High 544. 
Cylinder Per Stg. Type of Valves 

Cylinder Type Piston Speed Norm/Max. 

Cyl. Liner Yes/No Rod Diameter 

Cyl. Liner Wet/Dry Rod Load. Tension Norm/Max. 

Bore/Stroke (In.) 7 / Rod Load Comp. Norm/Max. 

Piston Displ. Cyl. Press/Temp. Max. 

Vol. Eff. 2 Recommended R.V. Press. Hem 
No. In/Out / ___/  . Hydro. Test Pressure м аа 
Mat'l of Const: Low Stg. High Stg. Low Stg. High Stg. 
Cylinders Valve Seats 

Cylinder Liners Valve Springs 

Pistons Valve Stops 

Piston Rings Valve Plates 

Piston Rods 

Cooling Water: Comp. Cyt. 00 

Flow Rate Press. Drop 

Temp. In/Out: / Max. Press. 

Packing: Cooling Water; Yes/No. Vented to 

Capacity Control: Variable Speed % to X. Mfr. Std. Control: Yes/No; 


Start/Stop; Yes/No, 2/3/5 Step Control. Suction Valve Lifters: Manual/Automatic 
Air/Power Failure, Compressor shall Load/Unload. 

Accessories: Gear Low Speed CPLG Belt Drive 
Mfr. Mfr. 

Model No. Size Model No. 

Н.Р. Rating/AGMA S.F. / Туре 
Ratio/Efficiency / No. Required 
Separate Moisture Separators with Traps: By Compressor Mfr. 
Frame Lubrication: Splash System/Pressure System w/Comp. Shaft Driven 011 Pump/Elect. 
Driven Oil Pump/Hand Operated Pump for Starting. 

System 011 Capacity 
Electric Heater w/Thermostat: Setting No. Heaters Watts 
Cylinder Lubrication: Lubricator to be driven by Comp. Shaft/Electric Motor 
System 0i] Capacity No. of Compartments 
Electric Heater w/Thermostat: Setting No. Heaters Watts 
Remarks: 

































































[в | Е MANAGING OFFICE 
HEI EQUIPMENT DATA SHEET 
$ Ls] CLIENT 
2 L2] LOCATIOI JOB МО. 
eja] [Г ным 
[о | тем No. 5рЕС. NO. 
мо.) APPROVE | REO'N. NO. РАСЕ ОЕ 
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PACKAGED REFRIGERATION SYSTEM (CONT'D) с) ü PACKAGED REFRIGERATION SYSTEM (CONT'D) 





















































































































































































































































11 POSITIVE DISPLACEMENT ROTARY COMPRESSOR The vendor shall furnish as a minimum the equipment and components shown in the 
2 Mfr.: Model №. sketch and as called for on the data sheets. 
3 [Speed: Max. Allow. RPM Critical RPM 1st 2nd 
4 j|Casing: Casing split: Thickness Corr. Allow. 
5 Max. Working Press. . Max. Rated Press. Temp.: Мах. Work  — Min Oper. 
6 Test Pressure Hydro. esas = ide ILU UE E dut 
7 jRotor: Diameter Type Material i ь- Vent | 
8 | Type Fabrication: No. of Lobes: Male Female — 1 inlet { 
9 | Rotor Length to Dia. Ratio (L/D Rotor Clearance Max. Deflection < а. Purgeri 
10 |Shaft: Dia. @ Rotor Dia. 0 Coupling Shaft End: Tapeved/Cylindrica ! Cooling 
11 | Sleeves at Shaft Seals Shaft Seal Type _ Seal Sys. Туре _ ноз 
12 | Inter 011 Leakage Guarantee (Уо1./Пау/5еа1) Type Buffer Gas n 
13 | Buffer Gas Flow (Per Seal) igl 
14 | Normal #/Min inum Press. do 
15 Maximum #/Minimum — Press. Compressor 1 
16 Bearings: Housing Type (Separate/Integral) Split (See Details) 
17 | Radial Bearing Type Span Area Loading: Act. Allow. _ 
18 | Thrust Bearing Type Area Loading: Act. Allow. 
19 | Gas Loading CPLG. Slip Load CPLG. Coeff. Frict. 
20 | CPLG. Gear Pitch Dia. Balance Piston Compensating Load 
21 | Timing Gears: Size Type А 
22 | Соир11пдз: Driver-Comp./Gear Gear/Comp. Driver-Comp./Gear Gear/Com Соот. ТО Storage LCV 
23 |Маке Limited End Float Req'd. (ору. Еп Ӯ 
24 |Model Idling Adaptor Req'd. | | Æ (ғу GA (гіт) 
25 |Lubrication CPLG. Rating (HP/100 RPM) i i S ' Я М 
26 |МЕ. CPLG. Halves Keyed(l) or @ or Hydr. CPLG We oe ee ee АКЕНЕ; {s—«— Compressor Control 
27 |Spacers Required AS 25619 Lint 
28 |Material of Construction: Casing Rotor Shaft Controls shown outside Skid Limit are by the Purchaser. 
29 | Shaft Sleeves. . . . Timing Gear ..——. .... Bearings 
30 TNSPECTTON AND TEST TU 
31 |Mfr. Standard Shop Test/Running Test with Shop Driver/Lube and Seal System/Hydrostatic/ 
25 Mechanical Run/Vibration-Axial Displacement/Noise Level/Consoles/Other: 
34 |Purchaser will Witness: 
35 ACCESSORIES = s қ 
36 |Relief Valves/Pulsation Dampeners (Volume Bottles)/Inter-Connecting Piping/Initial ] à 5 & H 
37 | Charges: (011, Refrigerant, Etc.) 8 E 1 
38 Remarks : EE = 3 
5 
io ЕР 5 i 
41 eg is 3 
42 | 2 
43 
: | 
45 
46 
47 
48 ae 
49 s Sym Weights | LBS/KG | 
50 Dimensions Erection 
Skid No. 1 Maintenance 
MANAGING OFFICE ENGINEERING OFFICE Operating 
hippi 
2 EQUIPMENT DATA SHEET Shipping = 
o MANAGING OFFICE ENGINEERING OFFICE 
a CLIENT 
Š LOCATIO! JOB NO.. 
© ITEM. EQUIPMENT DATA SHEET 























| CLIENT 

















ENGINEER | CHK/REVIEW 





ITEM NO. ————————5РЕС МО. 
APPROVE | REQ'N. NO. PAGE оғ 














REVISIONS 











LOCATION... JOB NO.. 
ITEM 
м = га ITEM NO. SPEC. NO. —— 
Packaged Refrigeration System—(continued) ENGINEER | CHK/REVIEW| APPROVE | REQ'N. No. PAGE OF 
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PACKAGED REFRIGERATION SYSTEM (CONT'D) 
INSTRUMENTATION AND CONTROLS 















Covered/Uncovered 
Enclosures 





Panel: Freestanding/Other 
Electrical Instruments: NEMA 
Panel: Vibration Isolators/Strip Heaters/Purge/Other 


Panels Required: lLocal/Lube 011/0&һет 
MINIMUM DISPLAY ON LOCAL PANEL MINIMUM NO. ALARMS AND SHUTDOWNTAL 
Lube Oil Low Pressure 


Lube 011 Pressure Gauge 
Lube 011 High Pressure 


Lube 011 Temperature Gauge 
Compressor Suction Pressure Gauge Compressor Low Suction Press. 


























ARM [SHUTDOW 
* ж 











































Remarks : 
1) Shutdown switches shall incorporate time delay relays, where required, to permit 
Starting-up the system. 
) Packaged refrigeration system shall operate completely automatic after start-up. 

) Manual/automatic selector switch shall be provided, by the vendor, for manual 
start/stop of each refrigeration unit. 

) Condenser cooling water valve shall "fail open" and provide no less than minimum 
rated flow. 

5) Liquid sub-cooler level control valve shall "fail open" on instrument air failure. 
6) All control valves, furnished by the vendor, shall have blocks and by-passes. 
) 

) 





A pair of "N.0." contacts shall be provided, by vendor, for purchasers shutdown 

alarm to be activated only when the system malfunctions. 

А horn shall be mounted on the unit and wired to the shutdown circuit. 

Copper, brass, bronze, aluminum and aluminum alloys shall not be used where 

exposed to ammonia, ammonia vapors, ammonia solutions or the general plant 

atmosphere, without the specific approval of M.W. Kellogg Engineering. 

10) Vendor shall supply a completely piped and wired skid mounted packaged refrigera- 
tion system, which shall include but not be limited to the following: all 
components, piping, valves, instruments, alarms, shutdowns, control, control 
panels, special tools and equipment necessary to operate the unit at its rated 
capacity. 

11) А11 relief valves shall be routed to the common manifold header, (if required). 

12) All required utilities shall be piped to the skid limit for purchaser connections. 
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PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 


FEED MATERIAL: 
BULK DENSITY: 


PARTICLE SIZE: AVERAGE: 
MAXIMUM: 


PRODUCT DESCRIPTION: 


VIBRATING FEEDER 
DATA SHEET 





FEED MATERIAL CHARACTERISTICS 














WEIGHT % MOISTURE: 





LBS./CU. ЕТ. TEMPERATURE 





ABRASIVENESS: 
TENDENCY TO PACK: 





DESCRIPTION: 

















OPERATING CONDITIONS 










































































TROUGH TYPE: 
LENGTH/WIDTH/DEPTH 
THICKNESS: 
COVER: REQ'D. 

TYPE 


Compressor Suction Temperature Gauge Compressor High Suction Press. * 
Compressor Discharge Pressure Gauge Compressor High Disch. Press. * | FEED RATE – LBS/HR, NORMAL. — LOCATION: INDOOR Я оотооов O 
Compressor Discharge Temperature Gauge |System High Discharge Temp. * | Мах. МАХ. ROOM TEMP: 

К.О. Drum High Level * | ВЕО’О. WIDTH OF FEED INLET TO OUTLET LENGTH: 

К.0. Drum High-High Level ж | REQ'D. DEPTH ОҒ FEED ATMOSPHERIC бөлетін DUSTY ae 

Sub-Cooler High Level ж | MODE OF OPERATION CORROSIVE EXPLOSIVE 

i i OTHER 

Sub-Cooler High-High Level * 

High Water Temperature * DESIGN DATA 

Receiver High Level * T 

COVER CLAMPS: 


FREQUENCY — CPM: 

SPEED OF МАТ”. CONVEYED—FPM: 
NATURAL FREQUENCY: НЕОФ: 
SPRINGS: 





MOUNTING: FLOOR 


INCLINE ____ DECLINE 


CONTROL 
BASE 


SUSPENSION AMPLIFICATION 





ISOLATION 





HANGERS- TYPE: 





NO. 














MATERIALS OF CONSTRUCTION 














TROUGH 
COVER 
BASE 


GASKETS 


MFG, 
TYPE 
HP. 


VOLTS/PHASE/CYCLE И MOUNTING: 


SPRINGS — AMPLIFICATION 
ISOLATION 
DRIVE COVER 


MOTOR DRIVE DATA 


BEARINGS 
FULL LOAD AMPS 
L.R. AMPS 


МТО. BY 


FRAME 
RPM 


воттом 0 overHeao O 














— 


MISCELLANEOUS 





TOTAL WEIGHT. 


VENDOR DWG, NO, 








PAINTING 


FEEDER SERIAL МО, 








GALVANIZING 





FINISH REQ'D. 





47 

48 

49 

50 JOB NO. PLANT LOCATION 
PROJECT NO. REF. DWG. NO. 





TITLE 


MANAGING OFFICE ENGINEERING OFFICE 


EQUIPMENT DATA SHEET 











POSITION NO. SERIES STEP МО. 




























CLIENT 
LOCATIO 
ITEM. 


ITEMNO.. 5РЕС. NO. 
APPROVE | REQ'N. NO. PAGE 









JOB МО. 








REVISIONS 





















Packaged Refrigeration System—(continued) 


LLL 





[ PROCESS SECTION "SCREW CONVEYOR 













































































































































































PROCESS DESIGN SECTION SCREW CONVEYOR | CORPORATE ENGINEERING DATA SHEET SHEET 20F 2 | 
CORPORATE ENGINEERING DATA SHEET SHEET 1 OF 2 
| MISCELLANEOUS 
FEED MATERIAL CHARACTERISTICS 

“Т = 9 | PAINTING: 
x FEED MATERIAL om. ABRASIVENESS ЕЙ GALVANIZING 
5 BULK DENSITY: . — .—  . 1 t1BSJCU.FT. STICKINESS 5 TOTAL WEIGHT. 
Ш | PARTICLE SIZE DUSTINESS | MFG. 

MAXIMUM SIZE CHEMICAL ACTION TYPE & MODEL NO. 

ANGLE OF REPOSE TEMPERATURE ор VENDOR DWG. NO. 

PRODUCT DESCRIPTION — 2-2 CONVEYOR SERIAL NO. 

FINISH OF INTERNAL PARTS: 
OPERATING CONDITIONS ---ңБ 

> z 
> & 
Е i 
à CAPACITY: LBS,/HR, NORMAL LOADING CLASSIFICATION с ВЕМАВК$ 
< МАХ. о LOCATION: INDOOR O ourDoonR ГІ 
ш RPM OF SCREW E 
= « 
5 8 





CONSTRUCTION AND MATERIALS 











TROUGH: TYPE ————————— SHAFT DIAM. 
МАТ". TROUGH END 
THICKNESS TYPE HANGERS 
ТҮРЕ SADDLES 
МАТЧ... DUST SEALS 
THICKNESS UO BEARINGS: TYPE — HARD IRON 
FLIGHT: PITCH BABBITED 
MAT'L. BRONZE 
THICKNESS ooo o ooo n ANTI-FRICTION 
FLAT VALVE PLATE GATE m ——— JACKETED TROUGH 
RACK & PINION GATE - FLAT VALVE PLATE 
CURVED VALVE PLATE 
































BY |снкп|зуғяу. 
ву |cexp|suens.] 





































































































DRIVE DATA MOTOR DATA 

















CHAIN-ASA NO. ITEM NO. MTD. BY 
SPROKETS - DRIVER NO. TEETH MFG. 
DRIVEN NO. TEETH TYPE FRAME 
V-BELT NO. & SIZE HP RPM 
SHEAVES - DRIVER-PITCH DIA. VOLTS/PHASE/CYCLE mA 
DRIVEN-PITCH DIA. BEARINGS LUBE 
REDUCER ~ MFGR. FULL LOAD AMPS SF 
MODEL NO, — LRAMPS 
SERVICE FACTOR ———___ ——————— 
INPUT RPM RANGE 
OUTPUT RPM 
COUPLING MFG’A, 
TYPE 





























CHECKED BY | DES SUPRV. 
CHECKED BY |DES SUPRV, 



































DRAWN BY 






































INITIATOR 
{INITIATOR 


PLANT LOCATION 
REF. DWG. NO. 


JOB мо. PLANT LOCATION 


PROJECT NO. REF. DWG. NO. 
TITLE 

















POSITION NO, SERIES STEP МО. SERIES STEP NO. 








E228B44 
Е228844. 
SHEET 2 














FORAWING NO. 


CHECKED BY [DES SUPRV, 


DRAWN BY 





INITIATOR 


REMARKS 


DATE |APP’R'V 




















PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 


BUCKET ELEVATOR 


DATA SHEET 














OPERATING CONDITIONS 














MATERIAL CONVEYED: 
PRODUCT DESCRIPTION: 


BULK DENSITY: 
SCREEN ANALYSIS: 


MOISTURE CONTENT: 

CAPACITY: TONS/HR. 

MODE OF OPERATION: 
LBSJCU. FT. BUCKET SPEED: 


NORMAL 





% ANGLE OF INCLINE: 





PRODUCT TEMP: 


OF INSTALLATION: 


INDOOR ІП 


ourpoon O 














MECHANICAL DATA 

















TYPE: CENTRIFUGAL [] 
DISTANCE BETWEEN HEAD & TAIL SHAFTS: 
CASING — CROSS SECTION DIMENSION: 

CASING GAUGE 


continuous П 


WIOTH: 
WT, OF DUCK: 
TYPE OF BELT SPLICE: 





CASING HD. SECT. — GAUGE DISCH, OPENING: 
BOOT — TYPE: 
GAUGE: 


HEAD PULLEY DIA: 
TAIL PULLEY DIA: 
HEAD SHAFT DIA: 





LOADING OPENINGS 

CHAIN CARRIER FOR BUCKETS 
TYPE: 
HEAD SHAFT SPROCKET P.D: 
TAIL SHAFT P.D: 

SIZE OF BUCKETS: 


TYPE OF BEARINGS: 

HEAD SHAFT SPEEI 

TYPE OF TAKE-UP: 
LOCATIONS: 


BELT CARRIER FOR BUCKETS: 


NO. OF PLIES: 
COVER THICKNESS: 





TAIL SHAFT DIA: 





INLET CHUTE ANGLE: 
DISCH. CHUTE ANGLE: 








BUCKET SPACING: 
BUCKET BOLTS-TYPE: 
NO. PER BUCKET: 


INLET OPENING W/LOADING LEG: 


FEED HOPPER 


DATE |aPP'R'v 


PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 


PRESSURE LEAF FILTER 
DATA SHEET 











OPERATING 


CONDITIONS 














FLUID: 
CHARACTERISTICS: 





SPECIFIC СВАМТУ: 
pH: 
TEMPERATURE: 
VISCOSITY: 
SOLIDS CONTENT: 
FLOW RATE: 











WORKING PRESS, 
ALLOWABLE АР-МАХ, 
FILTER MEDIA: 
FILTER AID: 

WASH MEDIA: 

TYPE OPERATION: 
TIME ON STREAM: 
CLEANING FREQUENCY: 

















MECHANICAL DATA 














MFR. 
SIZE& TYPE 
FILTRATION AREA: 
NO, OF LEAVES 
BUBBLE RING 
LAKE CAPACITY 
LAKE THICKNESS 
SLUICER 
JACKET _ ___ РВ 





SPACING 











HORIZONTAL O 
VOLUME 


VERTICAL O 
DIAM. 
COVER LIFT. 
CARRIAGE DRIVE 
COVER CLOSURE 
LEAF SPACERS 
FILTRATE MANIFOLD 


TANK: 





VIBRATOR 








CONNECTIONS-TYPE 


CODE STAMP: REQ'D. п NOT REQ'D. O 























MATERIALS OF CONSTRUCTION 














CASING: 


CHAIN: 





HEAD SECTION: 


HEAD & TAIL SPROCKETS: 





BOOT: 


TAKE-UP DEVICE: 








BUCKETS: 
HEAD & TAIL SHAFTS: 

HEAD & TAIL SHAFT BEARINGS: 
BELT & COVERS: 


BUCKET BOLTS: 


BUCKET FILLER РІЕСЕЅ: 


GASKETS: 





JOINTS: 








HEAD & TAIL PULLEYS: 


DOORS & MANWAYS: 














E225841 


MOTOR DRIVE DATA 














ITEM МО. MTD. BY. 


LR AMPS 





HP FRAME 





MFG. 


REDUCTION UNIT: 





TYPE INSUL. 


TYPE 


RATIO 








ENCLOSURE: CLASS 1 
VOLTS/PHASE/CYCLE 


GROUP D 


MFG, 





TYPE DRIVE: cHAIN O 





BEARINGS LUBE 


MOTOR COUPLING: TYPE 





FULL LOAD AMPS. S.F. 


MFG, 


вет О 











ов NO. 


PROJECT NO. 
TITLE 


PLANT LOCATION 
ВЕР. DWG. МО. 





POSITION NO. 


SERIES 


STEP NO. 


CHECKED ВУ | DES SUPRV 


DRAWN ВУ 

















INITIATOR 








E221B37 





MATERIALS 











TANK: 
LINING: 
LEAVES: 

SURFACE MEMBER 
INTERMED, MEMBER 








O-RING LEAF GASKETS 
COVER GASKETS 





MANIFOLD PIPING 
JACKET. 





FINISH INTERIOR EXTERIOR 








ACCESSORIES 





О PRE-COAT OR SLURRY TANK: 
veRTICAL O HORIZONTAL O 
DIAM. VOLUME 
MATERIAL 


П PRECOAT OR FILTER FEED PUMP: 


CAPACITY: 
MATERIAL: 
MFR: 


GPM@ 








FINISH 
LINING 
COVER TYPE 











SIZE 8 TYPE: 





MOTOR: HP. 





VOLTS/PHASE/CYCLE 




















LEVEL INDICATOR: | YES 
С AGITATOR 

RPM 

MFR 

SIZE & TYPE 

MOTOR: HP. RPM 

VOLTS/PHASE/CYCLE И 


NOTE: ALL MOTORS TO BE CLASS -1-GROUP-D EXP. PROOF 




















JOB NO. 


PROJECT NO. 
TITLE 


REF. DWG. NO. 





LJ FILTERAID INJECTION PUMP: 
CAPACITY: 
MATERIAL: 


GPM е 








MFR: 
SIZE & TYPE 
MOTOR НР. 

VOLTS/PHASE/CYCLE 











PLANT LOCATION 





POSITION NO. SERIES 


STEP NO. 














ELL 


WON DUO {э QJ D re 


+ 
беууісе Indoor/Outdoor; English/Metric Units 





INTAKE AIR FILTER 





Mfr. E Model No. ME _ Qty. 
Site: Alt. Amb. Temp.: Max. Min. ; Wind Velocity: Max. 
Unusual Conditions: 








Dust/Fumes/Sand/Snow/Other 
Air Flow: Normal Rated 6 Temp. Press. 
АЕТ Dust Spot Efficiency (Atmospheric Dust): TY 
Unit Shall Remove / of all Particles / Microns & Larger. 
Rated Data: Stace No. 1 Stage No. 2 

Filter Type 

Mode] №. 

Max. Possible Air Capacity 
Pressure Drop (Clean Filter) 

Max. Press. Drop (Dirty Filter) 
No. of Elements 

Size of each Element 

Filtration Area 

Filtration Material 

Face Velocity 

Dust Holding Capacity 

Weight of Element 

Element Retention Method in Frame 
Louvers 8 Filter Inlet: Size __ Type 
Inlet Trash Screen: Size 






































Materia 


Wire Gauge | Material 
























Filter Housing: Material Ж Internal/External Paint 

Access Doors: Qty. — . Blow in Doors Qty. — . Filter Outlet: Side/Bottom/Back Conn. 

Motor: Mfr. Model Ho. Qty. 

Area Class Gr, — Div. /Моп-Нагагаои5; Volts Phase Hertz 

| Enclosure —Insulation. .. i Тего. AR oc above стан лыс DV Br. S. f, 
А Full rm Space 







Load |Егале Heater|S.F. 


RPM | No. 


ШЕ Метан | Мед ЕЙ 
LB/KG uA [2% 



























Diff. Press. Switch: Range Set Press. Qty. 
Diff. Press. Ind. Type Range Qty. 
Specifications: Paint Wind M.W.K. 


Earthquake 
Notes: 1) The structure, consisting of the plenum chamber & filter, shall be of such 
design that it can be supported by means of four (4) steel columns, one (1) at each 
corner. 2) Plenum chamber shall be of sufficient strength & bracing to prevent wall, 
floor or ceiling from pulsating or oscillating. 3) For ammonia/urea plants or other 
installations with ammonia in the atmosphere, no copper, aluminum or their alloys 
shall be used for parts exposed to the air. 4) Seals & filter material shall be 
resistant to vapors present in the inlet air (ammonia, hydrocarbons, etc.). 5) Unit 
shall be completely assembled and shipped as one unit. 6) Instruments & controls to 
be completely piped and wired. 7) Outlet connection screen (0.25 in.) (6 mm) wire 


mesh, with back up bars to withstand seven (7) psi/0.5 kg/cm? ДУ Press. across the 
screen. 














| ша i MANAGING OFFICE ENGINEERING OFFICE 


EQUIPMENT DATA SHEET 



























| CLIENT 
| LOCATION. JOB NO. 
ITEM 


ITEM NO. LL... SPEC. NO. 
APPROVE | REQ’N. NO. PAGE ОР 








REVISIONS 










































PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 


LINE FILTER 


SPECIFICATION SHEET 1 OF 2 














}. FUNCTION: 












REMARKS 

















2. 













SERVICE CONDITIONS 
FLUID FLOWING: 
FLOW RATE: NORMAL GPM 

МАХ. GPM 
PRESSURE: PSIG 
TEMPERATURE: ор 


























INITIATOR DRAWN BY CHECKED BY aaa 


Е 12185: 


[| v ons pem ons 







FLUID VISCOSITY: CP 
FLUID SPECIFIC GRAVITY: 
PARTICLE SIZE ANALYSIS: 






















SOLIDS LOADING: 
FILTER PRESSURE DROP: .— . PSIG 
FILTER RATING: 








3. TYPE AND DESCRIPTION: 

















JOB NO. 
PROJECT NO. 


PLANT LOCATION 


REF, DWG. NO. 
a NO. 




















POSITION NO. __ SERIES | STEP NO. 























| 


КЕШЕ] 


РІА 


PROCESS DESIGN SECTION CENTRIFUGE 
CORPORATE ENGINEERING DATA SHEET SHEET 1 OF 2 


PROCESS DESIGN SECTION LINE FILTER 
CORPORATE ENGINEERING SPECIFICATION SHEET 2 OF 2 























OPERATING CONDITIONS 








4. MECHANICAL 
MATERIALS ОҒ CONSTRUCTION 


FEED MATERIAL: CAKE CAPACITY: CU.FT. 
CHARACTERISTICS: CAKE DENSITY: LBJCU. РТ. 
a CAE МОЕ ——— roll 
DENSITY OF SLUARY:_ - SOLIDS PARTICLE SIZE: MESH 
PERCENT SOLIDS: WASH REQUIRED: 
VISCOSITY OF SLURRY: MAT'L. 
TEMPERATURE OF SLURRY: RATE GAL/LB. CAKE 
FEED RATE: NORM, MAX. DESIGN PRESS. PSIG 
SG. SOLIDS SG, LIQUID REQ'D. CAPACITY: LB/HR 





REMARKS 
REMARKS 








HOUSING: 








FILTER ELEMENT: 











MECHANICAL DATA 


MFA, | CONNECTIONS SIZE 
SIZE & TYPE FEED PIPE 
BASKET DIAM. SPRAY PIPE | | 
ТҮРЕ: PERFORATE O  iweERFORATE O M.L. DRAIN 
BASKET DEPTH: CAKE DISCH. 
BASKET RING OPENING DIAM... LIGHT GLASS 
CAKE THICKNESS SIGHT GLASS 
CAPACITY UNDER TOP RING cu ЕТ, | VENT 
BASKET RPM Ее 
DRIVE ТУРЕ: ELECTRIC O 

HYoRAULIC O UNLOADING PLOW: пЕС'О. O wornea'o. O 
COVER ТУРЕ: FULL C]. HALF O SKIMMING TUBE:  REQ'D. O һотнғао. O 

FUME TIGHT O  NON-FUME TIGHT C INTERLOCK яғат, DJ 


GASKETS: 























DATE |aPP'R'v 


CONNECTIONS: 

















INLET: 














'CHKD| sue v. 





QUTLET: 








BY 























DESIGN PRESSURE: 








DESIGN TEMPERATURE: 

















MATERIALS 











CASE FEED PIPE 
LINING SPRAY PIPE 
CASE RING DRAIN NOZZLE 
SCREENS DISCH. NOZZLE 
RETAINING RING VENT NOZZLE 
BASKET PURGE NOZZLE 
FEED CONE UNLOADING PLOW 
COVER SKIMMING TUBE 
SPINDLE FILTER CLOTH 
BEARINGS GASKETS 








ACCESSORIES: 



























































CHECKED BY |DESSUPRV. 











NO. OF UNITS REQUIRED: 

















ACCESSORIES 














DRAWN BY 


О AUTOMATIC CENTRIFUGING CYCLE CONTROLS 
(SEE REMARKS COLUMN FOR PROPOSED CYCLE] 
CONTROL PANEL 


А.5.МЕ CODE: REQUIRED WHEN FILTER I$ LARGER THAN 6" IN DIAMETER OR HOLDS MORE 
THAN 5 CU. FT. IN VOLUME, OR IF DESIGN PRESSURE IS GREATER THAN 15 P.S.1.G. 

















INITIATOR 


JOB NO. PLANT LOCATION 


PROJECT NO. REF. DWG. NO. 
TITLE 


JOB NO, PLANT LOCATION 
PROJECT NO. REF. DWG. NO. 


THLE 











POSITION NO. SERIES STEP NO. 





E222B38 




















POSITION NO. SERIES STEP NO. 











DRAWING NO. 





Line Filter Specification—(continued) 


ам 








PROCESS DESIGN SECTION 5 
CORPORATE ENGINEERING 


CENTRIFUGE 


DATA SHEET SHEET 2 ОҒ 2 


























DRIVE DATA 
















































VIBRATING 
DATA SHEET 


ROCESS DESIGN SECTION 


CORPORATE ENGINEERING SHEET 1 OF 2 











FEED MATERIAL CHARACTERISTICS 



























ABRASIVENESS 






























































OIL COOLER 
MFR 


а | MOTOR ENCLOSURE:  CLASS1 GROUPD 2 e EI Е енеке 
= | TEMNO. MTD BY. BEARINGS. LUBE 5 SALE 2a RCM MR нєн ет" 
i MFR. FULL LOAD AMPS SF $ MG T ME канн, 
т | ТУРЕ FRAME LR. AMPS | = HT% URE 
PRODUCT DESCRIPTION TEMPERATURE oF 
HP. RPM | 
VOLTS/PHASE/CYCLE / РА 
MATERIAL ТО ВЕ SCREENED OUT. 
HYDRAULIC PART. SIZE ON 1ST SCREEN/% RETAINED 
MFR. PART, SIZE ON 2ND SCREEN/% RETAINED 
. | 
SIZE & TYPE | PART, SIZE ОМ 3RD SCREEN/% RETAINED 
| 





SIZE & ТУРЕ 





DATE |АРР'А'М 

















REMARKS 








1- INTERIOR BASKET FINISH TO BE 























OPERATING CONDITIONS 


DATE JAPP'R'v 








SUCTION IN DISCH, ИМЕ 
PRESS. IN DISCH. LINE 
LOCATION: INDOOR CI 
MODE ОҒ OPERATION: 


FEED RATE — TONS/HR: 
% OF SOLIDS 
FEED LINE SIZE 
METHOD OF FEED 


NORMAL/MAX, 











оотооок O 






















DESIGN DATA 




















BY |снко|зотяу. 




















CHECKED BY 

















DRAWN ВУ 




















INITIATOR 


JOB NO. PLANT LOCATION 


PROJECT NO. 
TITLE 


REF. DWG, NO, 





POSITION NO. SERIES STEP NO. 








E222838 
SHEET 2 























Centrifuge Data Sheet—(contínued) 

























NO, OF SCREENS REQ'D, 
SCREEN TYPE/SIZE 
1ST SCREEN MESH 


DISCH, SIZE TABLE 
FEED DISTRIBUTOR REQ'D. 
SCREEN ANGLE: DESIGN 

















pepe er 































2ND SCREEN MESH МАХ. 

ЗАО SCREEN MESH COVER REQ'D. 

1ST SCREEN DISCH. SIZE MOUNTING: кооп O suspension O 
2ND SCREEN DISCH, SIZE TYPE OF SCREEN CLEANER 

ЗАО SCREEN DISCH, SIZE INLET DIAM. 





SCREEN AREA FREE/GROSS 1ST SCREEN SQ. FT. 
SCREEN AREA FREE/GROSS 2ND SCREEN SQ. FT. 
SCREEN AREA FREE/GROSS 3RD SCREEN SQ. FT. 
SCREEN BACKING REQ'D./TYPE 1ST SCREEN 
SCREEN BACKING REQ'D./TYPE 2ND SCREEN 
SCREEN BACKING REQ'D./TYPE 3RD SCREEN 


























MATERIALS OF CONSTRUCTION 














SCREEN DECKS HOUSING 




















SCREENS FEED DISTRIBUTOR 
SCREEN SUPPORT RINGS SPRINGS 
BASE COLLECTING PANS 








TABLE ASSY. (IN CONTACT WITH PRODUCT) 
TABLE ASSY. (NOT IN CONTACT WITH PRODUCT) 
MISC: — 




















INITIATOR үк CHECKED ВУ [DES SUPRV. 





JOB NO. PLANT LOCATION 


PROJECT NO. REF. DWG. NO. 
TITLE 



























SERIES 





POSITION NO. STEP NO. 




















Е226842 














914 


PROCESS DESIGN SECTION VIBRATING SCREEN Е-1280-А 
CORPORATE ENGINEERING DATA SHEET ЗНЕЕТ 2 ОҒ 2 







































































































































































MOTOR DRIVE DATA 
COLUMN SPECIFICATIONS 
ITEM NO. MTD. BY. BEARINGS 
мес. FULL LOAD AMPS Е, a ITEM NO. NO. REQ'D DESCRIPTION 
TYPE FRAME L.R. AMPS lnc = veg 
не яғы p-— al 
мостенав СУСЕ П У BELT ORIVE t= 3 
Шана 1 
MISCELLANEOUS PERFORMANCE DATA SHELL DATA 
>) PAINTING FLUIDS PROCESSED: L E 
& | GALvanizine TANGENT DRE ША CONICAL HEAD 
& | TOTAL WEIGHT. 
ш VENDORS ОМС. МО. 
қ SIFTER SERIAL NO. TANGENT LINE r1 DISHED HEAD 
a INLET & OUTLET FLEX. CONNECTIONS PRESSURE: TYPE. 
VENDORS MODEL NO. OPERATING, 
есес == - 
REMARKS DESIGN: = ii BLIND FLANGE COVER 
TEST: 
F 
TEMPERATURE: "E Е РЕЙ 
OPERATING Ш TANGENT LINE 
DESIGN: 
(0 STRAIGHT SHELL 
CONSTRUCTION DATA DIAMETER t. D. 
о. D. 
> LENGTH, 
5 ] MANHOLES: OR FLANGE OR OANGE? 
ш SIZE. ANNE 
o LOCATION, NOTE: 
> ж WHERE INTERMEDIATE 
2 FLAN OTHE 
2 HANDHOLES: E HS 
x ыт. 5НАРЕ 77770. je QUIRED. INDICATE BY 
|o SKETCH ON ADJACENT 
d LOCATION. TANGENT LINE DRAWING AND LOCATE 
[27 BY DIMENSIONS. 








INSULATION: No m 
REMARKS: FOR INTERIOR CONSTRUCTION AND 


























SUPPORT DATA SEE ATTACHED SHEETS. f 
к.а 
DESCRIPTION OF FUNCTION OF VESSEL TANGENT LINE А 
AND REMARKS ы —7 р 
5 TANGENT LINE 
Ir Ни 
х tad 
2 
MES 
NOTE: En L.] MATERIAL OF CONSTRUCTION: 





JOB NO. PLANT LOCATION 
PROJECT NO, REF. DWG. NO. 
TITLE 


DATA FOR (TEMS MARKED THUSL_JARE NORMALLY 
SUPPLIED BY ENG'R'G DEPT. DATA ENTRIES FOR 
THESE ITEMS MADE ВУ OTHER THAN ENG' R^G REMARKS; 
DEPT. INDICATE MANDATORY REQUIREMENTS 
DICTATED BY PROCESS. PROPOSAL. СОМТКАСТ, 
OR CUSTOMER. 











POSITION МО. SERIES STEP NO. 








E226B42 
SHEET 2 


























Vibrating Screen—(continued) CHEMICAL PLANTS DIVISION REVISTONS 













BLAW.KNOX CONSTRUCTION СОМРАМУ 
PITTSBURGH, PENNA. 


PAGE ОЕ 


LLL 














8 & W FORM B-1347 




































































































































































































































ÉTONE & WEBSTER ENGINEERING CORPORATION Ра 
BUBBLE TOWER SPECIFICATION Rev. 1 = 
Жеке... е ан 
a} Guest. Location 2.0. No. 
2| Apperatus Project No. Md 
8 Date By 
4| Вавай on Rating Page Dated 
в LIITA EE DESIGN CONDITIONS 
С] Oper Pr 16/84 in ga | Oper Temp °F | Hammer Test Yes No 
я Des Pr 1b/sq in ga | Des Temp ЗЕ | Field Hyd Test — Yes No 
8 Wind - Proj Area. lb/aq ft [веж Supporting Yes No | Other Tests 
? Max. Horizontal Deflection at Top Tray in 
10 Earthquake 0.2 Operating Weight applied at e.g. Yes No 
11 MECHANICAL DATA 
14 Stress Relieve Yes № | Shell & Heads ASTM Spec 
ла Radiograph Yes No | Type of Heads 
14 THICKNESS: Calculated Corrosion | Total Thick | Liner Mat | Liner Thick 
15 i in 
16 іп in in [Г | їп 
м іш | in in in 
18 Top Head | іш in in | | in 
10! Intermediate Невӣ іп in in | in 
10 in 1 in in in 
з Bottom Head in 1 іш ш ш 
29 Cone Section in in in in 
°з Skirt in in in in 
94 Insulation in 
35 Stiffener Rings Number Кед’. Bize in X in 
16 ре Series Біте Mark No. 
зт 
з 
т 
ы га 
ц іш 
" in 
si Reboiler Vapor | | in| 
ч Reboiler Liquid 
55 іп 
56 in 
ат Safety Valve in 
зз Мапһо!ев in 
ы Thermocouples in 
“| in 
a in 
4. Gage Glasa іш 
“ Pr Gage in 
“ Level Control zi Ls in 
45 in 
“ Vent | 4 т 
47 Steam out in 
48) TRAYS: CAPS: 
49 Tray No. | Diameter Шегі Materials mes esee 
6 LE tid por арЫ 
51| Estimated Weight Jb аи ы | 2 
53 Ud ENTE "| 2 Г 
58 Baffles, etc. "3 
54) Insulation Supports: Yes Мо: Number Кед’ Size in X in: Shop Field 
58| Platform Clips: Yes No: Number Req’d Shop Field | Ladder Clips: Yes No: Number Req’d Shop Fidd 





58: Manhole Davits Required For АП Covers Weighing Over 75 Lb 





в] Wor Further Details Refer To: 











| Checked Date | Approved _Date 


ST-L1-094 





TANGENT LINE 








| 1 








MEN Gm 
TANGENT LINE 



































DESIGN DATA 
CODE STAMP 


OTHER SPECS.: ST.L4.496 
DESIGN PRESS. 9 TEMP, PSI 9 9r 
| OPER, PRESS. @ TEMP. PSI @ OF 
STRESS RELIEVING 
WELD EXAMINATION 
JOINT EFFICIENCY [SHELL a| HEADS n 



































CORR. ALLOWANCE |SHELL HEADS 

LINING 

MAX.ALL.PRESS. (NEW & COLD) PSI 
HYDROSTATIC TEST PSI 
HAMMER TEST PSI 
SHELL 

HEADS 

SUPPORT 

INTERNALS 

TRAYS 





























MATERIALS 

















FIREPROOF ING 






































INSULATION " 

INS, SUPP. RINGS 

PAINT 

NET FAB. WEIGHT (ches LBS 
FAB. WEIGHT WITH CAPS LBS 
= [EMPTY WEIGHT LBS 
Е «| OPERATING WEIGHT LBS 
51| TEST WEIGHT LBS 
5° WIND ЕТ. LBS 
4 | EARTHQUAKE FT. LBS 
MANHOLE (“DAVE teb" 





NOTES & REF. DRGS. ST-L4-496 


















































м.| RTG. | FCG. |sizE | м. | RTG. | FCG. | Size 
NOZZLE SCHEDULE 
VESSEL FABRICATOR TO SUPPLY CLIPS ONLY FOR 







































































i №. EET 
-z ж 

SS [512Е "EH TYPE 11 
Ін WIDTH 2^ |rver ІІІ 
PLATFORM 

WEIGHT J [VESSEL DAVIT 
LADDER CAGE жт. 

PIPE GUIDES 1/3 oers, 

CONTRACT NO. DRG. NO. 


тик FLUOR CORPORATION tro. 


8LZ 


ST-L1-097 


TANGENT LINE 


TANGENT LINE 





DESIGN DATA 








NOTES & REF. DRGS. 5Т-1.4-496 














CODE STAMP 





OTHER SPECS.: ST-L4-496 





DESIGN PRESS. 6 TEMP. 





OPER. PRESS. 6 TEMP. 





STRESS RELIEVING 





WELD EXAMINATION 





JOINT EFFICIENCY | SHELL 








CORR. ALLOWANCE SHELL 











LINING 





MAX, ALL. PRESS. (NEW & COLD) 





HYDROSTATIC TEST 





HAMMER TEST 


























INTERNALS 





MATERIALS 


NOZZLE SCHEDULE 
VESSEL FABRICATOR TO SUPPLY CLIPS ONLY FOR 





FIREPROOF ING 


PLATFORM WT. 





INSULATION 





PAINT 





NET FAB WEIGHT 





EMPTY WEIGHT 





OPERATING WEIGHT 





TEST WEIGHT 





MANHOLE ("1591 2,39) 








LADDER CAGE WT. 


CONTRACT NO. 


тнє FLUOR CORPORATION ито. 


GLASS LINED VESSEL 


PROCESS DESIGN SECTION 


CORPORATE ENGINEERING 


GENERAL 
VESSEL DATA 


DATA SHEET — Sheet 1 of 2 


Reactor [_]; Tank [_]; Other 
Vertteal [7]; Horizontal ; Jacketed Г]; Unjacked (_] 


























Rated capacity, gais. ; Flanged heod [ ]; Опе piece construction 
Stondard Head Openings [_]: Non standard head required. [7] 


Specification Based on Pfoudler Series —___.-__. or equal. 





TOP HEAD 


Monhole (Т оғ Hondhole [7] with 4" sightglass |^]; Agitator Opening (7]- 


Size ———— — "" fer 4'* light glass Size " for 





Size * for — Sine " for 





Size "к Size + for 





^ for Size "^ foe 





Size 





VESSEL OPENINGS 


JACKET 


BOTTOM HEAD 


Opening 











Shell Openings, Standard ; Special 








Jacket Head Openings, Stondard [ |; Special 





ORIENTATION 


Orientation of Process openings: - By vendor Г |; HLR approval of Vendors dwg. req'd [ ] 


Other 





Orientation of Jacket Openings; By Vendor [_]; HLR approval of Vendors dwg, req'd. Cl 


Other 





JACKET 


VESSEL SUPPORT 























Working Conditions: Water [| 


Other 








Working temperoture: PF du F 


Working Pressure: Atmospheric | |; psig; Vacuum [ } 





Leg Couplings: — Size "б; Number . 





Vendor to supply: — Adjusting Nuts and Pedistals [_]; Legs [7] 


Distance from face of bottom outlet to floor 


Lugs: - Four required [Г]; зке, 


+ below face of flange; 





Position: - On с of manhole СІ; 459 off с Manhole E] 


'* above face of bottom outlet. 


Vassal weight if speciol — Ibs, 





GLASS-LINED 
ACCESSORIES 





JOB NO. 


PROJECT NO. 
“TITLE 


POSITION NO. 


E: ** gloss-linad flush bottom valve | | 
Reducing flanges: |71 "x Sad 


Others; 











PLANT LOCATION, 
REF. DWG. NO. 


SERIES STEP NO. 





614 











PROJ. ЕМС, $ 


Ee eu 


DAYE 






PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 


. GLASS LINED VESSEL 





DATA SHEET Sheet 2 of 2 


". By Hoffmann-La Roche. 

































































WORKING CONDITIONS | MOTOR 

















Ш Insulation Thickness 
5 Matching flonges to be supplied by HLR [C]; Piping contractor 177 
> Moterial:-s/s С); Other 
ш Vendor to supply: —Approval drawing [7]; Certified drowing C]. 
8 Vendor ta fill іп oll missing information on: - Approval drowing J li Cartified drawing [| 
For: -Simple mixing [7]; Extraction (|: Reaction С); Heat tronsfer (7). 
Gas incorporation (7); Solids incarperation [77]. 
1 Phase liquid [7]; Ф020: Viscosity Cp. кескі 
t Bottom layer, Pi Viscosity Cp/. е 
а Liquid-ges (J); Liquid d—. .; Viscosity Cp/. c ; Gas 
Liquid-solid (7); Liquid 4; i Viscosity CpA 9? C — ; Solid -mmens 
Change during process: 
$ ш 
Е Is Anchor [ ]; Impeller C]; Other, і тт B | 
£ r Agitation quolity; -Mild C]; Good C]; Vigerous [7]; Violent C]. 
* ^ None [7]: Thermowell (73; Flot C]; Std vp ПЛ. 
E Std. dawn C]; Long [7]; То be used for thermowell (73; 
5 G-L. restricted tip C]; Tantalum tip C}; Hastelloy tip C]. 
Dimensions by instrument? eng. 1.0. "; Length — n 
НР. i 3 phase, 60 cycle, 220/440 volts, rpm. 
Enclosure; Class 1 Group D (7]Ofher . 
Level at stort: —gals, i Straight shell", 
Level ot and: —gals, 2 Straight shell м, 


Pressure; Atmospheric 7: pxig; Vacuum C] 





Temperature range, ?F to oF 


Chemicals; 











Plugs permitted- Tantalum (21; Hestelley 77; Other 





т 
2 
Е 
к 
= 
o 
a 
ш 
а 
n 
я 
ш 
© 
o 
© 
в. 


Јов NO, 


PROJECT NO. 
TITLE 


PO 























PLANT LOCATION 
REF. DWG. NO. - 








SITION NO 





SERIES STEP NO. 











Glass Lined Vessel—(continued) 


REMARKS 











PROCESS DESIGN SECTION 


CORPORATE ENGINEERING DATA SHEET 


FRACTIONATOR TRAY DESIGN 

















oe 


REBOILER TYPE {KETTLE OR’ THERMOSYPHON) SERVICE 





TRAYS NUMBERED FROM TOP OR BOTTOM 








FRAY NUMBER 





TOWER INSIDE DIAM. (SEE NOTE 1) 





TOTAL TRAYS iN SECTION 





TRAY SPACING (INCHES) (SEE NOTE 1) 





NO. OF LIQUID PASSES (SEE NOTE 1) 





MAX. OP ( ) /TRAY 
TRAY EFFICIENCY (SEE NOTE 1) 





ENTRAINMENT GEE NOTE 1) 





INTERNAL CONDITIONS 





VAPOR TO TRAY 





RATE (#/HR.) 





DENSITY (» РТА) 
PRESSURE (PSIA) 





TEMPERATURE (°F} 


LIQUID FROM TRAY 








RATE (в /HR) 





DENSITY (+ ЕТ?) 








TEMPERATURE (°F) 





VISCOSITY, CP 





SURFACE TENSION (DYNES/CM) 








FOAMING TENDENCY 
MECHANICAL DATA 





TOWER MANHOLE ТҮРЕ OF TRAY INSTALLATION: 
MATERIAL. REMOVABLE [7] WELDED П] 


DECK BOLTED (1 


1.0. (INCHES) (NOTE 2) 











CHECKED BY DES SUPRY. 


DRAWN BY 


INITIATOR 


САРЫ 


САР. HATCHWAY 








HOLDOWN 
NUTS & BOLTS, 
SUPPORT RING 

DECK THICKNESS (GAGE), (NOTE 1) 

SUPPORT RING WIDTH & ТНК. (INCHES) (NOTE LW 

DOWNCOMER BOLT BAR THK. (INCHES) (NOTE 1) 

CORROSION ALLOWANCE 
TRAYS (INCHES). 
TOWER ATTACHMENTS (INCHES) 

TRAYS INSTALLED FROM TOP OR BOTTOM 

















NOTES: 1. VENDOR SHALL FILL IN ALL BLANKS AND RETURN WITH QUOTATION, 

2. SMALLEST 1.0. THROUGH WHICH TRAY PARTS MUST PASS, 

3. WEIR ADJUSTABILITY OF + 1/2” REQUIRED, 

4. VENDORS GUARANTEE: THE VENDOR SHALL BE EXPECTED TO GUARANTEE HIS DESIGN: 
IF HE CANNOT DO THIS WITHIN THE LIMITS SPECIFIED FOR DIAMETER, TRAY SPACING OR 
DOWNCOMER AREA, HE SHOULD SUBMIT А DESIGN WHICH НЕ CAN GUARANTEE FOR THE 


SPECIFIED SERVICE, 


JOB NO, 
PROJECT NO. 
TITLE 


PLANT LOCATION 
REF. DWG. NO. 








POSITION NO. SERIES STEP NO. 




















DRAWING NO. 





022 


CATALYTIC CONSTRUCTION COMPANY 
PHILADELPHIA 2, ҒА. 


TRAY SPECIFICATION 


р 1,0, VESSEL 


7 ITEM NO. 


3 DESIGN TEMP. ^F * 
Ч 1.0. VESSEL MAKHOLE 














5 №. & TYPE TRAYS 





G TRAY MATERIAL 














18 SUMP 4 DRAWOFF REQUIREMENTS 
19 NO, CAPS PER TRAY 

















21 САР & RISER ASSY. TYPE 
22 SIZE OF CAPS 


73 САР SPACING 











REMARKS: 





24 CAP SKIRT CLEARANCE 
25 САР SLOT SPEC. 


REVISIONS 


* - Trays to be designed for це Max, Deflection at Design Temp. 
** - Tray Manways to be removable from top and pottom 


FORM CC-220 





PROCESS DESIGN SECTION 
CORPORATE ENGINEERING 


DISTRIBUTOR 
TOWER INSIDE DIA. 


TOWER INTERNALS 
DATA SHEET 











MATERIAL 





REMARKS 


CORROSION ALLOWANCE 





LIQUID FLOW-NORMAL 
MAX. 
LIQUID DENSITY 





DESIGN TEMP. 
MIN. DIA. OF ACCESS 
SPECIAL REQUESTS 





SUPPORT PLATE 
TOWER INSIDE DIA. 
MATERIAL 





CORROSION ALLOWANCE 

DESIGN LOAD (LIQUID)________. LB/SO. FT/HR 
DESIGN LOAD (VAPOR) z LB/SQ. ЕТ/НВ 
DESIGN TEMP. F or с 
MIN. DIA. OF ACCESS 








PACKING SIZE & TYPE 
PACKING DEPTH 
SPECIAL REQUESTS 























HOLD—DOWN PLATE 


TOWER INSIDE DIA. 
MATERIAL 





CORROSION ALLOWANCE 
DESIGN TEMP. *F or. 





MIN. DIA. OF ACCESS 
PACKING SIZE & TYPE 














SPECIAL REQUESTS 


BED LIMITER 
TOWER INSIDE DIA. 
MATERIAL 





CORROSION ALLOWANCE — 
DESIGN TEMP. F or 
MIN. DIA. OF ACCESS 








PACKING SIZE & TYPE 





SPECIAL REQUESTS 











COLLECTOR PLATE 
TOWER INSIDE DIA. 
MATERIAL. 

CORROSION ALLOWANCE 

DESIGN TEMP. “Рог 
LIQUID FLOW-NORMAL 





MAX. о MIN. 


MIN. DIA. OF ACCESS 
SUPPORT LEDGE 





MAX. % LEAKAGE 





NO. OF SUMPS 





GAS FLOW 





SPECIAL REQUESTS 


REDISTRIBUTOR 
TOWER INSIDE DIA. 
MATERIAL 
CORROSION ALLOWANCE 
LIQUID FLOW-NORMAL 








МАХ. 
LiQUID DENSITY 
SUPPORT LEDGE 
DESIGN TEMP. 
GAS FLOW 

















MIN. DIA. OF ACCESS 





SPECIAL REQUESTS 























JOB NO. 





PROJECT NO. 
TITLE 


PLANT LOCATION 
REF. DWG. NO. 





POSITION NO. 


STEP NO. 











Е 162810 


DRAWING NO. 





VeL 


хоча Un 43 ш PO i 


















































CHLORINATION SYSTEM 
Service: . Indoor/Outdoor; English/Metric Unit 
Type of Water to be Chlorinated: 
Chlorine: Liquid/Gas; Dosage: Rate/Scnedule / 
Reg. Chlorine In. Pressure Chlorinator/Ejector Distance 
Chlorinator: Item No. Qty. Capacity 
Mfr. Model No. 
Min./Max./Snock Flow / / Materia] 
Evaporator: Item №. Qty. — Water In. Press./Temp. / 
Mfr. Model No.. 
Min./Max./Shock Flow- / / Material | 
Ejector: Item No. Qty. Material 
Mfr. ‚_ Model No. 
Press.: Water In. Chlor./Inj. Chior./Water Qut Е 













Chlorine Residual Analyzer: Item No. Qty. Mat'T. 











Mfr. Моде! No. ___ 
Electrical: Area Class Gr. Div. Yolts PH HZ Power KW 
Chlorinator House: Item No. Qty. Mat']. of Const. 


Ventilation System, Type: 
Accessories: Control 








Water Test Kit: Mfr. 
Specifications: Painting 
The Vendor shall furnish as a minimum the equipment and components shown on this sheet. 


REGULATED Сі; 

-b TEE 

агала CHLORINATOR 52 [CHLORINE } КЪ 
i FOR H + RESIDUAL 


Mode? No. Range 














H 
} 
LIQUID | 1 ANALYZER H SAMPLE-s 
CHLORINE | | ] i IN 
| А | НКа у> SAMPLE =s 
ШЕНІ | | QUT 
>j { І 
| 


rA - Water nO- 
r--- Es 


OH 
| 


CHLORINE/ INJECT.: 
Ejector by Vendor 
< in Purch. Piping 


Size [Rating [Facing ] $ WATER и— < ghi WATER 
1 | our 7% 







































Dimensions Length |Width 
Analyzer_ 


Chlorinator 


Weight 
Anal. (Inst) 
Calor. {Inst} 


MANAGING OFFICE ENGINEERING OFFICE 


185/К6 




























Evaporator Shipping 
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COALESCERS 
Service: — Indoor/Outdoor; English/Metric Units 
Mfr. z Model No. Qty. 
Unit: Туре Size _ Support (Type 





Design: ASME Code Section VIII, Div. 1. Edition and all Mandatory Addendas. 
Mech. Design Press. _ Temperature Corr. Allow. Stamped Yes/No 
Des. Vel.:- Acid Serv. -15 FPM/Caustic or Water Serv.-10 FPM/Hydrocarbon-Vendor Std. 




















Material Handled: Corr, Mat'1. Mol. % 
Rated Capacity: — 21 pen. Press. — Temp. 

Vapor Capacity: Mol. Wt. Mol. % 

Liquid Capacity: Mol. Wt. Mol. % 





Vendors Guaranteed Removal 9$ —— 
Visc. 8 Oper. Temp. Allow Press, Drop 


Liquid Removal %: 
Sp. Gr. @ Oper. Temp: 




















Contaminants: 114.% ; Solids % 23 Part. Size (Range) Micran 
Inhibitors: Type Concentration pH of Liq. 

Gas Coalescing Media: 

Liquid Coalescing Media: Excelsior/Comb. Pack/Other 

Materials of Construction: Heads Sheil 

Nozzles Headgasket Support (Int.] 

Sump Media 

Coalescer: 


Head. Flanged/Quick Opening/Hinged/Davit; Supports: Saddles/Legs. 
Instruments: By Purchaser/Vendors; Diff. Press. Gauge, (evel Gauge, Press. Gauge, 
Relief Valve, Temp. Indicator with Thermowell. 

Specifications: Wind Earthquake . ... Paint. 





Notes:1) Elastomer O-rings are not permitted in hydrocarbon service. 2) Slip-on flgs. 
Require Purch. Approval. 3) Combination pack shall consist of four (4) demister 
pads separated from each other by glass woo] mats (three required) and held together 
by end support grids to form a removable cartridge. Demister pads shall be four (4) 
inch thick herringbone knitted stainless steel (AISI Type 316) wire mesh. Glass wool 
mats shall consist of a four (4) inch thickness, compressed to two (2) inch of 15 1b 
per cu. ft., standard glass wool batting combined with an inert binder suitable for 
the service conditions. 











The vendor shall furnish as a minimum the equipment and components shown оп this sheet. 



































Dimensions 











REVISIONS 
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Length Midth|Height Shipping | 
[operating 
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|. LOCATION Јов мо. 
ITEM 
ITEM NO. SPEC. NO. 
ENGINEER | CHK/REVIEW| APPROVE | nEQ'N. NO PAGE OF 





221 


t0 m -J €) CO л GL n) = 








DEAERATOR (SPRAY-TRAY) 


DEAERATOR (SPRAY-TRAY) 





MANUFACTURER 
WATER STORAGE CAPACITY... ———. 
DESIGN PRESSURE: ASME BPV CODE SECT. 


MODEL 





VIII DiV. 1 PRESS... m 
OPERATING DATA 


QTY. ENGL ISH/METRIC UNITS 
HEATER: -HCR I ZONTAL VERTICAL 
AND FULL VACUUM 



























































MIN. QTY/PRESS/ TEMP: 2. кеу ЕРЕС 


Т] RATED WATER INLET ОТҮ/РКЕ55/ TEMP 2 2 

2] RATED 2 PH Cond. Ret. QTY/PRESS/TEMP —L 2 

L3} RATED STEAM INLET QTY/ PRESS/ TEMP f. Ёт 

4] RATED VENT QTY/PRESS/TEMP 0 

5] RATED WATER OUTLET _ QTY/PRESS/TEMP / / 

LIMITING INLET COND. АТ NOZZLES: (COND. SHOWN WILL NOT OCCUR SIMULTANEOUSLY) 
CONDENSATE AND MAKE-UP 2 PH. CONDENSATE RETURN 

MAX. QTY/PRESS/ TEMP: Lei 72.2. ии 

MIN. QTY/PRESS/TEMP: xL. 2 Sey Манастан ny 

STEAM 
МАХ. QTY/PRESS/ TEMP: __ La Pi ИМЕК 








MECHANICAL DATA 





UEAERATOR UNIT: 
DEAERATOR AND STORAGE MATERIAL: ASME 
HEATER ANO STORAGE/ CORROSION ALLOWANCE: 
HEATER INTERNAL MATERIALS: 

TRAY MATERIAL: 

SPRAY VALVE MATERIAL: 

MANWAYS SIZE HEATER/ STORAGE: 

VORTEX BREAKERS: 
LU WATER ANO | PH. CONDENSATE NOZZLE: SIZE 
2) 2PH. Condensate Nozzle: Size 

LOW PRESSURE STEAM NOZZLE: SIZE 

DEAERATGR WATER Outlet Nozzle: Size 

PUMP BALANCE LINE NOZZLE: SIZE/QTY. 

DEAERATCR DRAIN NOZZLE: SIZE 

PUMP КІСКВАСК/Ѕрагдег Nozzle: 


(Ж 


Size 








SA = 5 























Ln 








SS PP eee, 





ACCESSORIES: 
RELIEF VALVE/ VAC. BRKR: 512Е/5ЕТ. PRESS. 
[4] VENT VALVE: 512Е 








E MEC apr 08 














INLET CONTROL: 
LEVEL CONTROL MANUF./MODEL NO. 


BY: VENDOR/ KELLOGG 
РА 








OVERFLOW CONTROL: 
CONTROL VALVE: 5 1ZE/MFR/MOD. NO. 
CONTROL VALVE MATERIALS: 
LEVEL CONTROL MANUF, “MODEL NO. 


BY: VENDOR/KELLOGGC 
И, КЕ веть 











INSTRUMENT AIR PRESSURE/ AREA CLASSIFICATION 


2 2: 








INSTRUMENTS: 
LEVEL SWITCHES/LEVEL GAUGE MFR/MOD. NO. 
PRESS. CAUGE/ THERMOMETERS МЕН/ MOD, №. 


BY: VENDOR/ KELLOGG 
a EE алкен кеу ER 
"4 L 














NOTES: |. LADDER” PLATFORM SPEC. 
2. PAINTING SPEC. 
3. IMSULATION CLIPS SPEC. 
3. WIND/EARTHCUAKE SPEC. 
VENDORS OPTION 

























REMARKS: 
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The vendor shall furnish as a minimum the equipment and components shown оп the 


sketch and as called for on the data sheets. 


Flow Balance 


GGG] 


BaImLES ЕЕЕ. 


(FOUR PLACES? T. 





Chemical Injection 
Pump Vent 


eo 
















OYERFLOW LEVEL 


STORAGE 
[rad NORMAL LEVEL VESSEL. | <> 
zó a 
ЗЕЕ Kickback 
HE LT. Fae LeveL DRILLED È 9 
m КЛЕТ ЗЕН NN 
„ЁЁ УСАТЕХ 
Це me |] с 
| 










































































о 
RS 
<> А <b> Sample ol SADDLE 
Win 
Overflow 
Е 
2 
Sym @ [51ге | Rating | Facing i 
a 3/4" |60007 [Threaded| Dimensions Weight LBS/KG 
b 1" |6000% [Threaded А Shipping 
с 2" 150% К.Е. B Deaerator 
d 150# R.F. ЕН | Storage 
e 150% В.Е. R Operating 
Size by Е [Flooded 
Vendor 
6 MANAGING OFFICE ENGINEERING C^FICE 
i 
g| a EQUIPMENT DATA SHEET 
[з CLIENT 
2 2 LOCATION. JOB NO. 
cla ITEM. 
0 | ITEM NO. PEC. NO. 
NO. DATE | ENGINEER | СНК/ВЕМЕМ | APPROVE | REQ'N. NO. РАСЕ ОЕ 
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[ PROPOSAL DATA SHEET 


[ №. & TYPE VESSELS ] 
SIZE: DIAM. X STR. 506 | 

DESIGN PRESSURE/ CONS TRUCT ТОМ 

LINING: TYPE & THICKNESS 

| INTERNALS: TYPE AND MATERIAL 
UPPER DISTRIBUTOR 
REGENERANT DISTRIBUTOR 
INTERFACIAL COLLECTOR 
UNDERDRATN 

| MAIN PIPING + SIZE/MATERITAL/LINING 

[ij CONTROL VALVES: TYPE 














































[co] el еч ovi s | caf | — 
FT 

















12] MATERIAL: BODY/L IN1NG 

ІЗІ RESIN! VOLUME PER VESSEL » 
14 САТ | ONZ AN | ON 

15 MANUFACTURER & 1.0. NUMBER 









RATING: KGR/FT3 
BED DEPTH/FREE BOARD 
18] ACID DOSAGE: LBS/FT3 & LBS/REGEN. 
19| CAUSTIC DOSAGE» LBS/FT3 & LBS/REGEN. 
20| GALLONS PER REGEN.: GROSS/NET 
21| FLOW: GPW SQ. FT. AT MAX. FLOW 
22j PRESSURE DROP AT MAX, FLOW 
23| SKID MOUNTED AND PREASSEMBLED 
24| PIPING PER SPECIFICATION 
25| INSTR, PER SPECIFICATION 





















































30| EXCEPTIONS TO SPECIFICATION 


























40 ч 





ALL BLANKS ON THIS FORM TO BE FILLED IN BY THE BIDDER AND THE FORM ATTACHED 
TO THE BIDDERS PROPOSAL. PROPOSALS SUBMITTED WITHOUT THIS COMPLETED FORM WiLL 
BE CONSIDERED NON-RESPONSIVE. 
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CLIENT 


| 


DATA SHEET 























LOCAT лов NO. 


MUN os derer di 
тен. DEMINERALTZER 


REVISIONS 





SPEC. NO. 














CATION OR ANION (TYPICAL) 











MANHOLE WITH HINGE OR DAVIT 


NECESSARY LIFTIHG 
Lucs 


X4 MINIMUM 
VENT LINE 


Y X 12° SIGHT 
WINDOWS (OPT. ) 


BACKWASH SIGHT: | 


FLOW (NDICATOR 
ISOLATING VALVE 
Кон (OPTIONAL? 


[SOLENOID VALVE BOX] 





RESIN REMOVAL 
CONNECTION 








OUTLET 


STRUCTURAL STEEL SKID 


— — — SKID LIMITS 


CATION OR ANION UNIT TO BE PREASSEMBLED ON А STRUCTURAL STEEL SKID, WITH 
EQUIPMENT TUBED AND/OR WIRED TO THE SOLENOID VALVE BOX. SUBJECT TO SHIPPING 
CLEARANCES, MORE THAN ONE VESSEL CAN BE MOUNTED ON A COMMON SKID. 


CONDUCTIVITY INSTRUMENT AND CELL USUALLY NOT FURNISHED FOR CATION UNITS. 
(REFER TO DATA SHEETS). 

INTERCONNECTING HEADERS BY VENDOR, FOR FIELD INSTALLATION BY M. W. KELLOCG. 
WHERE ITEMS ARE MARKED (OPTIONAL), SEE DATA SHEETS. 


PANEL MOUNTED INSTRUMENTS SHOWN OUTSIDE THE SKID LIMITS SHALL BE 
PROVIDED BY THE VENDOR. 











EQUIPMENT SKETCH 


LOCAT ION. — JOB NO. 





REVISIONS 





He 
ITEM н, SPEC. МО. 
APRROYE RED A. MD. 














E m 
CHEZ REVIEW 


vel 


хо сом OY C оого i 


em 
- о 


bet d et a 
Ол E w го 


KG-1093-2 (65-811 


B 








AIR DRIERS (HEATLESS) 























Service: Indoor/Outdoor; English/Metric Units 
Mfr.: Model No.: Qty.: 
Design: ASME Code Section VIII, Div. 1 Latest Edition and all] Mandatory Addendas. 


Stamped Yes/No 


Temp. 
Moisture Content 


Pressure 
Drier Inlet: Flow 


DrierOutlet Dewpoint 





Temp. 
; @ Line Press. 


Press. 









































Drier: Desiccant Type Wt. рег TWR. 
Reg. Time Cycle Min.; Purge ЕТ. Guar. Fl. 3 Drying Time Cycle Min. 
Press. Drop Across Drier Mat'l. of Const. Corr. Allow i 
011 Separator: Yes/No; Mfr. Model No. Qty. 
Material of Construction 
Prefilter: Mfr. Mode] No. Qty. 
Mat'l. of Const. Clean Micron Size 
After Filter: Mfr. Model No. Qty. 
Mat']. of Const. сев Micron Size 
Across Entire Skid 8 Max. Cap. (Allowed Max./Calc.) 
Area Class: Class Group Div. $ Volts Phase Hertz Matts — 
Inst. & Controls: Pneu./Elect. /Automatic/Other 
Specifications 
Accessories: Alarms,By-passes (for filters only), Control Panel, Diff. Press. Ind., 


Flow Ind., Ind. Lights, Moisture Ind., Piping, Pressure Gauges, Relief Valves, 
Switching Valves, Temp. Ind., Timer, Transformer and Valves. 
Notes: 1) Provide Dry Contacts (Isolated) to Transmit C.T.A. Signal to Purch. Ann. 











The Vendor shall furnish as a minimum the equipment & components shown on this sheet. 
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2.8 TYP 2 PLACES 2 
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CLIENT 
LOCATION L— 





JOB NO. 








ITEM NO. 
APPROVE | REQ'N. NO. 


SPEC. NO. 








[ENGINEER | ese neview 





DRAWN ВУ 


CHECKED BY [DES SUPAV, 


REMARKS 


APP'R'V 








PROCESS DESIGN SECTION, 
CORPORATE ENGINEERING 


MECHANICAL SCALE 
DATA SHEET 








SERVICE 


LOCATION 





МО. REQUIRED 


MANUFACTURER 





DUTY 


MODEL NO. 





TYPE 














PROCESS CONDITIONS 








MATERIAL 





STATE OF MATERIAL 





ANGLE OF REPOSE 





TEMP, OF 





BULK DENSITY-LB /FT.3 





AMOUNT/BATCH 








TOTAL VOLUME OF MATERIAL 





AVERAGE DENSITY 





TOTAL WEIGHT OF MATERIAL 





ACCURACY 


SENSITIVITY 





ATMOSPHERE 








MECHANICAL DESIGN DATA 











DESIGN CAPACITY NET WEIGHT 





WEIGHT OF CONTAINER EMPTY 





SIZE OF CONTAINER 





LOCATION OF DIAL WITH RESPECT TO SCALE (HEIGHT) 


LOCATION OF SUPPORTING LEVEL WITH RESPECT TO SCALE (HEIGHT) 


TOTAL SCALE CAPACITY 





MAXIMUM MOVEMENT WHEN FULLY LOADED 





DIAL GRADUATIONS (MINIMUMI 





ADJUSTABLE MARKERS REQUIRED 





TARE BEAM 


CAPACITY BEAM 





DUNNAGE 





DIAL DIAMETER 


SCALE PLATFORM SIZE 








REMARKS 


























INITIATOR 














JOB NO. 


PROJECT МО. 
TITLE 


PLANT LOCATION 
REF. DWG. NO. 





POSITION NO. 


SERIES 











£218B34 





Set 


DATE |АРРЯ'У 


PROCESS DESIGN SECTION ROTARY VALVE 
CORPORATE ENGINEERING DATA SHEET 


























REMARKS 


“OPERATING DATA 


THROUGHPUT: L1BS/HR. 
PARTICLE SIZE: 
BULK DENSITY: LBS./HR. 

SOLIDS ARE: CRYSTALLINE O sTicKY oR GUMMY O LIGHT OR FLUFFY [Л 
soups: мет ory O XMOISTURE 
OPERATING PRESS: UPSTREAM PSIG — DOWNSTREAM 
OPERATING TEMP: оғ 

PRODUCT DESCRIPTION: 



































MECHANICAL DATA 








ure. 





мған: 





SIZE & TYPE: 





ROTOR TYPE: 





VALVE TO HAVE OUTBOARD BEARING AND STUFFING BOX. 
































E224B40 


BY |cHko|suenv.| 


_ MATERIALS OF CONSTRUCTION N 


CASING: 








ROTOR: 





SHAFT: 
PACKING: TYPE NO, OF RINGS 
PACKING GLAND 








GASKETS: 

















MOTOR DRIVE DATA 








ITEMNO: МТО.ВҮ: 





НР: : ЕВАМЕ: 





MFG'R: 





TYPE: 











ENCLOSURE: CLASSI GROUPD 
VOLTS/PHASE/CYCLE 
BEARINGS: 








FULL LOAD AMPS: 
L.R. AMPS: 





SPEED REDUCER: — MFG'R. 





TYPE: RATIO. 




















MISCELLANEOUS 





ORAWN BY CHECKED ВУ |DES SUPRV. 











TOTAL WEIGHT: 





VENDOR DWG, NO: 





VALVE SERIAL NO: 











Јов мо. PLANT LOCATION 
PROJECT NO. REF, DWG. МО, 





TITLE 





POSITION NO. SERIES. STEP NO. 




















——— — — ——— Appendix С 


QUESTIONNAIRES OF EQUIPMENT SUPPLIERS 





Equipment is supplied on the basis of information about the needs 
provided by the ultimate purchaser and user. Although the more 
information, within limits, the better, suppliers do require a certain 
minimum amount before they can make recommendations of 
equipment and price. Some kinds of equipment are sufficiently 
standardized to allow their specification by standard forms like 
those of Appendix B. The questionnaires of individual Suppliers 
sampled in Appendix C are mostly of specialized equipment that 
requires custom designing to a greater extent. This is a random 
selection and other suppliers of each type are available to provide 
service. Following is a listing of questionnaires contained in this 
Appendix C. The number appearing in italic is the page number on 
which the form appears. 


A. Comminution 
1. Crushing, grinding, etc. (Sturtevant) 728 
2. Size reduction (Williams) 728 

B. Conveying 
3. Pneumatic conveying (Ducon) 729 
4. Tubular, bucket, oscillating, etc. (Hapman) 729 
5. Conveying elevator (Meyer) 730 

C. Drying 
6. Spray drying (Bowen) (2 pp.) 730 
7. Evaporators (Goslin-Birmingham) 731 
8. Dryers (Krauss- Maffei) 732 


727 





9. Drying with dessicants (Selas) 732 
10. Rotary equipment (Vulcan) 733 


. Mechanical separations 


11. Mist elimination (Glitsch) 733 

12. Air classifiers (Raymond) 734 

13. Cyclones (Krebs) 734 

14. Plate filters (Sperry) (2 pp.) 735 

15. Continuous centrifugal filter (Bird) (2 pp.) 736 
16. Centrifuges (Robatel) (2 pp.) 737 


. Mixing and blending 


17. Mixing and blending (Abbé) 738 
18. Mixing and blending (Bépex) 738 
19. Membrane separators (Monsanto) 739 


. Separations 


20. Distillation (Glitsch) 739 
21. Solvent extraction (Robatel) (2 pp.) 740 
22. Crystallization (Swenson) 741 


. Thermal processing 


23. Incineration (Vulcan) 741 
24. Thermal processing (Bépex) 742 


. Other processes 


25. Agglomeration (Feeco) 742 

26. Briquetting (Bépex) (3 pp.) 743 

Safety data 

27. Material safety data sheet (U.S. Dept. of Labor) 
(2 pp.) 744 


824 


URTEVANT 


MILL COMPANY 


103 Clayton Street 
Boston, MA 02122 
617-825-6500 
Cable EMERYSTONE 
Telex 94-0677 


Request for Information 


To allow us to better assist you in solving dry processing problems, 


1. Materialto be Processed: 


please use this form when requesting information on Sturtevant equipment. 





2. Processing Method(s) Required (Number in order needed): 


a. 
b. 
с. 
а. 


е. 


3. Characteristics of Material being Processed: 
a. 
b. 


C. 





Crushing 


Grinding 





Air Separating 


Micronizing 








Blending 





Specific Gravity 
Hardness 


Feed Size 





4. Production Requirements: 


a. 


b. 


Product Size Required 


Capacity Required —_. 


5. If Air Separating is required: 


a. 


Amount of product 
entrained infeed —. —. . 96 


Grinding media pre- 
ceding separation 


Preferred load if 
in closed circuit 


f. 


g. 
h. 


1. 


Mixing 








Screening 


Conveying 





Elevating 





Other (specify) 





Moisture Content 96 





Handling Hazards 


Temperature Limits ..... | ^For. — . °C. 


Contamination Tolerance 


Is heating or cooling 
required in separation 


Product size 
tolerance, if any 





6. Any comments which would help our engineers evaluate your requirements: 











Name Title 
Company Address 
City State Zip Code 








МАГА 5 


Williams Patent Crusher & Pulverizer Company 
2701 М. Broadway e St. Louis, Missouri 63102 е 314/621-3348 


Thank you for your interest in Williams size reduction equipment and/or systems. 
Аза first step toward giving you a highly personalized answer to your need, we 


would appreciate your supplying the following information. 





Company Name... - 2 Аы 











Address. "a Zip 
Your Name = без PR Title. 
Type of Feed € = = — Nominal Size. eh 








Compressive Strength or Work Index. = 





Abrasiveness (contains quartz, sitica, etc.) 






































Moisture Content __. _% О, Fat, etc. Content % 

Temperature Limitations: Softens — _  °Е. Melts..-_____°F. Decomposes Sp. 

Chilling РегтіѕѕіЫе . .. -. ..——— Heating Permissible e" 

Special Characteristics (volatile, toxic, hygroscopic, corrosive, etc.) — xr ae 

Volume of Feed in Tons Per Hour, U.S. (Metric) ( ) 

Product Size Desired = Moisture Desired 

Fines Desired (Min, - Мах.) % Bulk Density ене... 

Air Classification of Product Desired? Yes. No 

Additional Comments on Ргойисі -—- LE 
Form No. 943 


Thank you for your help. We will be back to you soon. 


622 


SYSTEMS 
DATA 


CONVEYING, 


npaya ріл 





TECHNOLOGY 


А DIVISION OF THE DUCON COMPANY INCORPORATED 






































DATE: 
CUSTOMER: REPRESENTATIVE 
PRODUCT CHARACTERISTICS 
Name 
Particle size % minus 0.5. mesh % minus U.S, mesh 
% minus U.S. mesh % minus U.S. mesh 

GIVEN ASSUMED ASSUMED 
Bulk density Ibs/cu. ft. Hy groscopic 
Angle of repose Corrosive 


Moh's hardness number 
Temp of product °F 
Specific heat 

Is breakage objectionable? 
If so, what % permissible? 


% Silica 

Particle shape 

Surface texture 

Change of state temp °F 
Hazardous (explos., toxic, etc) 
Tendency to bridge 

Moisture content % Есе 





i 2 





Capacity - lbs/min (instantaneous/avg) 
Horizontal Distance - feet 
Vertical lift - feet 
459 Elbows 
90° Elbows 
Ambient temp at blower inlet °F 
Material of construction in 
contact with product 





ІІ 
ШІ 
ІІ 








DESCRIPTION (Use back for simple system sketch) 








| 















































GENERAL 
Starters: furnished ыы; not furnished Motor enclosure 
Available current у phase Hz Open drip proof Шш. 
Available water gpm psig OF Totally enclosed 
Available air scfm psig Explosion proof 
Available steam 8ше psig 








840 FIRST AVENUE 8 KING OF PRUSSIA, PA. 19406 9 PHONE (215) 337-3770 © TELEX 84-8325 


Hapman Conveyor Co. 


6002 E. Kilgore Road 
Kalamazoo, Michigan 49003 
(616) 343-1675 

Telex: 224468 


НАРМАМ 


data sheet 


(Fill out completely) 





























DATE 
CUSTOMER _ _ 
ADDRESS e ZIP 
ATTN: TITLE — PHONE (—_) 
LOCATION OF INSTALLATION 2 
( ) TUBULAR CONVEYOR ( ) OSCILLATING CONVEYOR 
( ) BUCKET CONVEYOR ( ) OTHER 


DESCRIPTION OF MATERIAL 
TO BEHANDLED 


1. Material 





SERVICE REQUIREMENTS 


Required Capacity (in cubic feet/hour or min.) 





2. Particle Size (Mesh or Fraction of Inch) 











Operation: Continuous 





















































Max. Min. Intermittent 

Proportions Operating Period: Hours 
8, Actual Weight per Cubic Foot Frequency 
4, Percentage and Type of Liquid Present 

Es MOTOR CHARACTERISTICS 
5. Temperature of Material at Conveyor Receiving Voltage = AC/DC 
Point Phase: Cycles 
6. Temperature Present at Conveyor Discharge ( )Totaliy Enclosed — Fan Cooled 
Point ( ) Explosion Proof: Class Group 
7. Flowability: Very Free Free 
Sluggish CONSTRUCTION SPECIFICATIONS 
8, Abrasiveness: No Mild Very 1. Casing — Mild Steel 
9, Special Characteristics: Corrosive #304 S.S. #316 8.5. 
Explosive Light and Fluffy 2. Chain — Sealed Pins 
Aerates and becomes Fluid Packs under Mild $1. #304 8.5. - #316 5.5. 


Pressure 





Describe any possible contamination problems 








Pressure Zones 








Open Pin Construction 





3. Flight Material — Factory Spec. 





Other 








Miscellaneous 








IMPORTANT: FURNISH SKETCH ON BACK OF THIS 
SHEET OR ON SEPARATE SHEET. Show plan, end 
elevation and/or side elevation properly indicated as such 
with all pertinent dimensions. Show your idea of pre- 
ferred conveyor path together with possible alternates, 
Also indicate all clearances and obstructions to allow 
us to select the most practical circuit should this differ 
from your sketches. 


SALES REPRESENTATIVE: 





Note: When sending in Sample, attach label showing 
Kind of Material, Company Name, Representative, and 
Date, Three to four cubic feet of material are required 
for complete testing. 


OVER Form 1-100 


051 


Р.О. BOX 5460, SAN ANTONIO, TEXAS 78201 
512/736-1811 
DESIGNERS AND MANUFACTURERS 


MACHINE COMPANY oF convevinc AND PROCESSING EQUIPMENT 


Gentlemen: 


Please quote us on a SIMPLEX CONVEYING ELEVATOR to meet the specifications and approximate dimensions 
as indicated beiow and on the reverse side of this sheet. 





PRODUCT TO BE HANDLED 





APPROXIMATE WEIGHT OF PRODUCT PER CUBIC FOOT 





DESIRED MAXIMUM CAPACITY, pounds per hour 


DUSTY? LL. FINE POWDER? GRANULES? _— 





15 PRODUCT CORROSIVE? 





AVERAGE SIZE OF PIECES 





STICKY? — ABRASIVE? ——— PIECES? 





Plastic ___. 


ТҮРЕ OF BUCKETS PREFERRED: Fabricated Stainless Steel —— Mild Steel 





Cast Aluminum Alloy Other ——_—_—_——————— 


OREMUS dn La 
IS DUST-TIGHTAWEATHER-TIGHT ENCLOSURE REQ'D? Ц 


END DISCHARGE ONLY. WITH SIDE DISCHARGES NUMBER OF SIDE DISCHARGES 


(Indicate on drawing (Fig. 3) on reverse side if discharges are to be Left Hand or Right Hand when 
viewed from intake end of SIMPLEX. Also indicate approximate location of discharges). 


or SOLENOID CONTROLLED for remote 





SIDE DISCHARGES TO BE MANUALLY CONTROLLED 


operation —————— - 


TYPE OF FEEDER/HOPPER PREFERRED: STANDARD INTAKE HOPPER only BUILT-IN FEEDER, 


less hopper (for feeding from bin) VIBRA-FLEX FEEDER with LARGE HOPPER built separately from 


SIMPLEX, (for manual feeding) with ECCENTRIC DRIVE with ELECTRO-MAGNETIC 


DRIVE ________ Feed Trough and Hopper to be Stainless Steel Mild Steel __ 





or Galvanized .. -. 


If head room is restricted, state ceiling height -- 


Per 





Titles ul — ne 


Company 





Address —  --------------- 


Рһопе Мо. 





Date ЕЕ —————— 


QUESTIONNAIRE DRYING SYSTEMS 


BOWEN 


The information below is required to enable us to prepare a design and quotation. All information given 
will be treated in strict confidence. We appreciate that some data may not be available or relevant. Please 
circle chosen alternates. Please return to: 

BOWEN ENGINEERING ІМС., P.O. Box 898, Somerville, New Jersey 08876, U.S.A. 
Telephone: (201) 725 3232 Telex: 47154087 Саг) 





СОМРАМҮ Ref./Project Мо: ааа 
Сотрапу Мате: Personnel: 
Address: 














MATERIAL/PROCESS 
Name/Composition 
Chemical formulae 
Process: — dry/cool/heat/agglomerate/react/absorb/congeal/calcine/ ............... secet tette tte treten ntt 
Type of dryer envisaged: spray’ 
Process gas flow: once through/partial recycie/closed cycle/self-inertized/inert/ 
Heat source: direct/indirect: gas/LPG/oil/steam/electricity/HT oil, es 
Has material been dried before: yes/no. If so, how ..................... Ternperatures ........222...2..2.2.22......... 


C ЕЕ ЕО АРЕНЕ a Еаа а 















Емар. rate Ib/h 


at Feed conc. % solids 


CAPACITY DATA Feed rate Ib/h 

For minimum evaporation rate:  ..................2222222... 
For design evaporation rate 

For maximum evaporation rate: 
Product rate: lb/h : тіп. 
Feed rate : {b/h: тіп 






normal 








FEED DATA 
Type: solution/suspension/emulsion 
From: tank/filter: 
Feed rheology (liquid): Newtonian/pseudoplastic/dilatant/Bingham plastic/thixotropic/rheapectic/viscoelastic 
Feed rheology (solid): free flowing/friable/cohesive/sticky/paste/ 
Does rheology change markedly with feed concentration? yes/no. If so, add notes overleaf. 
Feed concentration: % solids: PALA ааа тан нанын ды 
Moisture: water/other (see solvent data overleaf). Impurities іп 
If feed is suspension, what concentration of solubles in liquid. 
Does feed form stable foam? yes/no. Material of construction in contact with feed: ....eses sese 
°F Viscosity: °Е рН range: ааа 
- lb/ft? at 


қалы el ыы ean Gade ра ER Corrosive: yes/no 
Toxic : yes/no 




















Feed temperature: . 
Density/bulk densit 











Please turn over. 


LEZ 


PRODUCT DATA 
Moisture content: 22. % normal, 
15 product heat sensi yes/no. if yes, what maximum temperature for dry solids .. 
Material of construction in contact with dry solid: .......... 
Required particle size: тіп................ 
Required bulk density range: ................ tQ 





% maximum. 








ness, Micron, 





ib/ft? . Required final discharge temperatur 


































Melting point: . "F Specific hea BTU/Ib. °F Heat of crystallisation . BTU/Ib. 

Other special properti: Қоқанды ы алі VER IR ИН "re 

Toxic: yes/no. Flammable: yes/no. Explosive: yes/no. Abrasive: yes/no. Hygroscopic: yes/no. 

Thermoplastic: yes/no. if yes, at what temperature: .......................... F 

SOLVENT DATA 

Name:.... Toxic: yes/no. Corrosive: yes/no. 

Impuritie; КККК АЛТЫ: 

Flammable: yes/no. If yes, explosive limits: ......................... . Flash point TS 

Boiling poi "F Latent heat of vaporisation .BTU/Ib. 
Specific heat liquid sees ВТОЛЬ. "F Specific heat vapou BTU/Ib. °F. 
Other data: ......... 





ANALYTICAL METHODS 
Moisture contents) er E 
Other: 















ENVIRONMENT/SAFETY 

Permissable emmission in exhaust air: ................................ grn/ft? Effluent water limits... eee 
Maximum noise level: іп plant ............................9ВА at 3 ft. Community 

If area classified hazardous, give division, group, etc... eee 

Is dust flammable: yes/no. Ignition temperature, cloud ...................... ^F layer 

Is dust explosive: yes/no. Dust class ................. Max.explosive pressure ................ Max. rate press. гіѕе.................... 





----------------------------------------------------------------------------------------------- 


LOCAL CONDITIONS 
Plant location: indoors/outdoors. Existing building: yes/no. If yes, submit drawings. 





























Altitude: ...................- №. above sea level. Max. wind velocity . Earthquake: Richter . 

Ambient temperature: Minimum ................1....... °F Average Maximum. 

Range ambient conditions for design evaporation rate: Winter °Еаї ФАН, Summer 

Special conditions: high dust loading/freezing #Од/............ 22инен ал ааа 
UTILITIES 

Steam pressure at plan Towns water: SF at . psig. at grade. 
Compressed air: 'psig. Instrument air: ... psig. at Е dew point. 
Electricity: Powe у РА) Hz; Control .......М AC/DC. 
Fuel gas: Name .. Gross calorific value . BTU/scf. Pressure. psig./inch WG. 
Fuel oil: Grade... viscosity ........ Gross calorific value BTU/Ib. 
Cooling water: Supply . °F Return ^F max, Available pressure differential 








Other: 


REMARKS 


Spray Drying—ícontinued) 


GOSLIN-BIRMINGHAM, INC. 


EVAPORATOR INFORMATION SHEET 
COMPANY 








NAME OF INDIVIDUAL 





POSITION 





MAILING ADDRESS 








PLANT ADDRESS OR JOBSITE 


--------------....--------..------------------------ 


FEED SOLUTION PPH % Dissolved Solids 





Temperature Specific Gravity Specific Heat 


Analysis 





% Suspended Solids Viscosity pH 


Temperature Limit Thermal Conductivity 





PRODUCT % Dissolved % Suspended Solids 





Viscosity at Temperature Specific Gravity 





Scaling? Foamy? Specific Heat 


Thermal Conductivity 











OTHER DATA Available Steam 

Low Pressure Psig Temp. Cost 

High Pressure Psig Temp. Cost 

Cooling Water High Temp. Low Temp. 

Power AC DC Cost /KWH 





Volts Hertz Phase 
Material of Construction 


Liquid 





Vapors 


REMARKS 




















ZEL 


DRYER QUESTIONNAIRE 


KRAUSS MAFFEI 
































































































































CORPORATION 
COMPANY KMC PROJECT NO. 
CONTACT PERSON KMC CONTACT PERSON 
A. PRODUCT: formula, trade name 4. DRY PRODUCT: 
4,1 Requested form of dry product 
2. DRYER CAPACITY: 4.2 Admissible dry product temp. ______°Е 
2.1 Wet product feed Ib/h & 36 moisture | 43 Dry product to be cooled ——— yes — no to "Е 
2.2 Dry prod.discharge tb/h @ % moisture 4.4 Is there some isothermal absorption known of the dry 
2.3 Evaporated liquid Ib/h product? (Please enclose) yes no 
2.4 Bone dry product Ib/h 4.5 Electrostatic charging yes no 
4.6 Risk of oxidation yes no 
4.7 Is the product hygroscopic? yes no 
3. WET PRODUCT FEED 4.8 Melting point ____°F 
РЕЛЕ ТАТТЫ В 4.9  Conveyability? 
31 Originates from: filter centrifuge other 
3.2 Feed: continuous batch other. 
3.3 Volume/batch gal. 5. Do you dry the product т your plant now? What dryer type? 
3.4 Batch cycle ---- тіп, With what results? 
3.5 Consistency: liquid sticky pasty friable thixotropic 
other 
3.6 What conveyors worked satisfactorily? 6. If moisture is a solvent, is recovery required? 
3.7 Particle size analysis 
7. Which materials of construction should be used or must not 
be used? 
For contact w/wet product 
For contact w/dry product 
For contact w/fresh gas 
3.8 Wet product temperature oF For contact w/exhaust gas. 
3.9 Composition of product % 
moisture (vapor pressure 96 8. SPECIAL REFERENCES, REQUESTS, SUGGESTIONS 
curves?) 96 PLEASE ENCLOSE SAFETY DATA SHEETS RELATING 
3.10 Moisture determination: TO HAZARDOUS PROPERTIES 
- Drying chamber SE (TOXIC, IGNITABLE, INFLAMMABLE, ETC.) 
- тіл. 
Sonstant weight —— 9. AMBIENT AIR CONDITIONS 
id А 
x iar Vocum inHg 9.1 Temperature oF 
9.2 Humidity % оғ. Lbs. H20/Ib. Dry Air 
3.11 Wet bulk density (loose) — .. Ibs/f13 
3.12 Dry bulk density (loose) Ibs/ft? 
3.13 True product bulk density Ibs/ft? 
way of measuring the bulk density? 197 АЛЕН, 
10.1 Electrical characteristics 
3.14 Melting Point °F У, РН, -Cycles 
3.15 Spec. heat wet product BTU/Ib 10.2 Heating Media: 
3.16 Spec. heat solids .  ВТУЛЬ Steam if PSIG 
3.17 Spec. heat moisture BTU/Ib OIL ———— @ BTU/Ib 
3.18 ph value GAS e вту/я? 
3.19 Max. admissible wet product temp... ^F 


3.20 Dryer atmosphere: air, inert, vacuum 


WOOTEN-WICHITA 











SELAS 


DEHYDRATOR DATA SHEET 


Date. 





Selas Corporation of America 
Dresher, Ра. 
Attn: Generat Industry Division 


Gentlemen: 


| am interested in a Selas Dehydrator to meet the following specifications. Please send proposal, with the understanding that | am under no 
obligation: 

GAS AS SUPPLIED TO DEHYDRATOR FOR DRYING 
Type of gas: 
Volume al standard atmospheric conditions 
Gas temperature entering Dehydrator: . 










or what % of saturation 





Moisture content: saturated at entering temperature Г | 












































Specific grávily: 3s e ane Rehan tea ERR e E ел ade MANI cag tary aS nie id bors 
Specific Ва co ыы ЫМ КЕТЕМ ЛЛ e neut даа vate me Peed edad Pare ee DE ҮЛ 
GAS LEAVING DEHYDRATOR 
Final moisture content; 4емрдіпі......................................................... Vo ұнағаны MES ор 
ес grains per cubic foot af 
ыы АЛУУ ОКТ КУ КОЛЛЕ ЛУГА К ea eat e t ive nessa En unes 
DEHYDRATOR OPERATING SCHEDULE 
Continuous | 5, or, if intermittent, hours on, . hours off. 
TYPE OF OPERATION 
О Manual Semi-automatic [7] Fully Automatic 
TYPE OF ELECTRICAL CONSTRUCTION 
Standard open ГІ Weatherproof [Г] Explosion proof 
п ега Аан раан veri оаа ri ida ОГЫ RR MR PEE 
UTILITIES AVAILABLE AT OPERATING POINT 
Electricity: Control ПА Ох -Volts — — — Phase (уйе 
Power Г] А [j De Мой — Phase Сүйе 


Steam Pressure: ........................................ 

Cooling water temperature: Summer °F, Winter __ 

Cooling water pressure: psig, minimum. 

Preferred heat source for desiccant reactivation 
MECHANICAL CONSTRUCTION 
ASME Code 


REMARKS; E 














C Non-Code 



































FIRM NAME 
PLANT ADDRESS: 
SUBMITTED BY: 
TITLE: 














M 318 


EEL 


ROTARY EQUIPMENT INQUIRY 


TO: VULCAN IRON WORKS, INC. 
Miners National Bank Bldg., Rm. 1050 
Wilkes-Barre, Pennsylvania 18701 


Ме are interested in equipment for the following process: 
drying ...... ,cooling ...... , calcining ...... (other). ...... 


Our interest is related to our: 
preliminary design ...... 
budget estimate... ... 


economic evaluation ...... : 
final analysis & purchasing ....... 


Process data available includes: 
typa-of material азы st teh ae Soe a АТЫНА ҚАЛЫҚ н e o pag НЫ scd 


material wt./cu. ft; ме ................... б. фу | rure Peer a Red 
material specific: Neat. «sr ri dn Ie RUIN Ide RENE et das 
material particle size .2.......................... (screen analysis desirable) 
capacity-feed rate .................. or discharge гае ................... 
moisture content, initial .................. % and бпа!.................. %. 
material temperature, initial .................. and Япа/................... 
maximum temperature of material without іп)шу............................. 
duty cycle ................ hours рег day and ................ days per week. 


final product temperature desired ........... 
type of fuel to be used: 


Oil? ...... btu/gal., ...... рые апа ...... $80. 
баз 0 ...... btu/cu. ft., and ...... psig. 
ou RCM PLC "Lc 
Burner is to be automatically .............. or manually .............. controlled. 
Material can ...... , cannot ...... be processed in contact with gases of combustion. 
The ....... sticky, ....... abrasive, ....... corrosive nature of the material requires 


special consideration. 


Motors: ....... TEFC oe Open ....... Phase ..... ы «x ss Volts 
Installation is to be indoor, ..................... outdoor ...................... 
Elevation of installation, 2.................................. feet above sea level. 
Dust collection equipment to be included ............................ (yes or rio). 
Exhaust fan to be included ....................................... (yes or no). 
Your response оп or before ........................................ is desired. 
(Date) 

Please reply to. (Company) 2.................. Aaditi ep addu. Rea RR Ee 

(Address Y etai taste ыы RASS ACE ADU ed Қазды аладан 

(Attention): « dura БЛ E Ser Io et oA ER Gece Eu 


(Telephone): «ло dened ee Tte eren 


GLITSCH, INC. 


PLANT & HOME OFFICE LOCATION: 4800 SINGLETON BLVD. € DALLAS, TEXAS © 214/631-3841 е TELEX 73-229 


MIST ELIMINATION AND LIOUID DROPLET COALESCING EQUIPMENT APPLICATION DATA 


General Information: MIST ELIMINATORS 
Operating: Pressure. Temperature — __ 15 the mist eliminator to go into an existing vessel? 
Yes О Мо 


Allowable Pressure drop 





Vapor (Gas) Phase: If yes, please provide a detailed sketch or blueprint of the 





wt. % огто|, % Vessel to be used. 
Do you wish to have Glitsch quote on a suitable vessei? 
YesO №0 


LIQUID DROPLET COALESCERS 
Note: The coalescers are generally sold only as a complete 


Composition 
(state which) 





























Rate ———M S unit with vessel, 
Liquid Phase; SPACE LIMITATION 
Composition wt. % or mol. % Are there any physical limitations due to vessel size? 
(state which) Yes) No If yes, please describe 
SUITABLE MATERIALS OF CONSTRUCTION 
Rate (See list below.) : 
NS Я Sheli: 
Viscosity =. G operating temp. P 
қ Mist eliminator and/or coalescer 
Droplet size range B E 
Source of droplets (condensation, spray, etc.) Support grids 
304 Stainless Inconel Copper 
316 Stainless Carpenter 20 Carbon Steel 
Does liquid present a fouling problem when collected? 317 Stainless Incoloy Bethanized Steel 
Yes П No GO 430 Stainless Hastelloy C Kynar ® 
If yes, what type 434A Stainless Titanium Polypropylene 
Pl P bl Monel Tantalum Teflon & 
ease describe any problems encountered — —— m Nickel Aluminum 





Other (specify) 








Does the vapor or liquid phase have any insoluble solids in 
it? YesO М№ 0 И yes, describe their nature. 








Does the liquid phase have any dissolved solids in it? 
Yes Г] Мо if yes, describe their nature. 








If the potential application involves a number of units, please N 
P рр (P “А corrosion allowance is acceptable for the shell and support grids. 


state the anticipated annual requirement. Other wetted parts should have the ability to withstand corrosion, 


vEL 


inquiry data sheet 


Raymond: Jet-Stream™” Classifiers 


C-E Raymond's experience in the classification of powdered materials and the success of 

the Jet-Stream™ classifier in providing consistently sharp cut-points at full production capacities 
can be put to work for you to help provide the kind of quality product you demand. Fora 
no-cost evaluation of your application, simply remove this sheet, answer the questions below, 











fold and mail. 1f you need assistance, call us at [312] 236-4044. 
(please print) 
Your name Company 
Address City State Zip 
à am 
Telephone ( ) Best time to call: pm 





Material to be classified: Виік density (Ibs/cu ft) 


Specific gravity Feed temperature (^F) 
Moisture in feed (% by weight) Feed capacity (Ibs/hr) 


Elevation above sea level (ft) 


Fineness Requirements 
Cumulative percent of product smailer than micron size shown 


Feed to Classifier Fine Product Coarse Product 





Micron Size 


Шы. — E ы E E ЗЕ АА ВЕ ee E D | 
Б--- + 


























fe M M M——À— Ml — HÀ ee 
Method of analysis (Ro-Tap® sieve shaker, SediGraph® particle size analyzer, or other equipment)* 








Phase Hz —— Volts 





Electric power available: 





Type of final dust collection equipment 


Special materials of construction required 











Remarks 











* қ © 1982, Combustion Enginsering, Inc. 
o-Tap? 1а a registered trademark of C-E Tyler, Combustion Engineering, Inc. 


SadiGrapt* is a licensed trademark of Micromeritics Corp. 










| Cyclone problem 
questionnaire 


General description of the cyclone application: 


























(Please complete flow diagram below.) 


























































































Feed slurry characteristics Feed біле Analysis 
Mesh/Micron/mm Ind. Wi% Cum, Wt.% 
SOLIDE Ibs/hour Specific Gravity 
Ibs/he еше 
is/hour Gravi 
Te ravily 
Ibshour Specific Gravity T 
SLURRY 
Liquid Viscosity, CPS pH | Temp. (F.C) [ 
System Pressure, ры 
Flowrate (USGPM) 1 
Other fesd information (corrosive, abrasive, etc. 1 
H- T 
Overftow slurry characteristics (fine fraction) 
* Desired mash of separation 1 
Fiow diagram 
* Desired weight percent solids OVERFLOW TO: 
E Thickener (Settler) 
О Centrifuge 
Underflow slurry characteristics (coarse fraction) CYCLONE О Filter 
Desired weight percent solids D Evaporator 
FEED FROM: O Screen 
© Evaporator Li Other 
© Crystallizer 
Special requirements 
рес тен О Reaction Vessel 
О Leach Agitator UNDERFLOW TO: 
О Other [J Centrifuge 
А Filter 
£ Classifier 
PUMP О Screen 
С Other 








"Mesh of separation—Particla size that equals 1-3% plus by weight of overflow soilds. 
KREBS ENGINEERS, 1205 CHRYSLER DRIVE, MENLO PARK, CA, 94025 @ TELEPHONE: 415-325-0751 18 TELEX: 34-8408 





FORM 2-131A 


SEL 


FILTER QUESTIONNAIRE 


D. R. SPERRY & CO. 
112 N. Grant Street 
North Aurora, Illinois 60542 


Dati — — ou ln 





Company — 





Address 


Telephone Мо. 


















































Name of individual Reporting e: --- 
Title 
Type of Operation (Chemical, Tannery, Brewery, eic. n 
Ы Location 
(Please answer as many questions es possible) 
Description of Material to be Filtered 
Liquid 
Solids 
Specific Gravity of Slurry. e °F 
Emulsion . ? Solution, ? 
Viscosity. pH 


(Units) 


Avg. Particle Size of Solids 





Concentration of Solids Е іррт, Ibs., 96, etc.) 








Physical Nature of Solids 
(Sticky, granular, flocculent, etc.) 


Specific Gravity of Solids. gms/cc 





Chemical Compasition of Solids 








Nature of Filtrate 





(Water, alcohol, varnish, mixture, etc.) 


т 





Specific Gravity of Filtrate gms/cc Ө 6” 


Vapor Pressure of Filtrate ———.mmHg 











Dissolved Salts Y 











Solubility: @ 32^F Units _. 
@ 68°F Units. 
@ Е сыла ---- Units 


Conditions and Recommendations 


General Comments _ 








Filtration Temperature ^F Мах. Permissible, 


Min. Permissible. ?F. 





Size of Batch EN gals. 








Closed or Open Discharge Desired 


Filtration Pressure psig 





Filter Cyclo Desired hrs. 





Is Product Cake. Filtrate. Both 











Cake Washing Necessary (Yes, Мо) Nama of Wash Liquid 


Temperature of Wash Liquid ^F, 





Desirable Dryness of Cake: % Solids M қ 





Physical Condition of Cake 





(pastry, sticky, dry, cracks) 
Thickness of Cake | in. 
Quality of Filtrate - Desire or Allowed . 


Brilliant Clear. 











Turbid Decolorized 








№ Turbid - Max. Allowable particle size of solids microns 





If Filtrate is the Product 


Filter aid to be used Yes No 








If Yes: Precoat_ Quantity 
Body Feed . 96 





Both 





Тур», Brand, Grade %. 





Activated Carbon 
or Bleaching Earth used Yes No Ke 
or 


Flocculation Agent Type. Brand 96 








Recommended Materials ot Construction 











Materials of Construction not Permitted 














Filter Media: Ctoth Paper 
Type Grade 





Filter Area ft? 





Filter Cake Volume R? 





Laboratory Filter Tests 
ОУ Жы NOSES. 


Filter Type 





Агва of Filter 





Cake Volume of Filter M 


Media 








Test Conditions 





RESULTS 











952 








Application Data Sheet 


CF 101 


SOLIDS/LIQUIDS SEPARATION 








PRODUCT DATA 


Company. 
Address 
City State 
Plant address 

City State 
Project References 
Bid date 
Completion date 




















PROCESS 


Present problems 





























" R&D Laborato: 
Project Status: С Pilot Plant Ty 
О Semi-works 
О In production 
Customer Contacts 
R&D 
Engineering 
Process 
Purchasing 
DATA 





























































































































Present results 
Feed Size Distribution 
% Susp. solids (ss) Sieve % Оп... Cumul. % 
Sp. gr.___Viscosity___(cp) at____(°F) + M 
+ М 
Ргосе55 + м 
Тегар. (°F) Pressure. (PSIG) M 
Sp.gr. Shape 
Rate (GPM) 7 (Ibs/hrss) 
Ash content 
Valuable Components) 
Grease content 
BOD or COD (for waste) : 
Туре (оеш) of wast Permissable Flocculants 
YES TODE Ме Bulk density 
Solids " Mother Liquor 
Composition 
Composition 
Dissolved: Solids % Impurities % 
О Slimy бой Crystalline Sp. gr. at. (°F) pH 
Г} Fibrous Abrasive Amorphous 
[continued next page] 








PROCESSING REQUIREMENTS 


Max. liquid content in solids 
Max. impurities in solids 
Max. ss in clarified ML 
Material of const. 


Disposition of cake product 





Disposition of Mother Liquor ML). . 





Testing Information 





Vaportight/pressure const. 


Wash separation from ML 
Wash Requirements 
Temp. °F 0 Spray L Drip pipe 

















0 Countercurrent O Other 





Composition 
Ratio 
Rate CC s/n. wet cake 


Disposition of wash 














Large scale О) Preliminary (О Field 
Equipment preference 








Size of sample available. 
Precautions necessary 








To be witnessed: О Yes O № 
By: 
Disposal: of testing residue 














of test samples 








FLOW SHEET 








Comments 


























Bird Machine Company, Inc., South Walpole, Massachusetts 02071 ө (617) 668-0400 





Bird Machine Company, Inc., South Walpole, Massachusetts 02071 @ (617) 668-0400 





LEL 


ROBATEL INC. 


Centrifuge 
Application Information 






























































с. 
1. Company E 
2. Address 
3. Submitted by Telephone Date 
A. PROCESS REQUIREMENTS 
4. Name of Product 
5. Production rate desired lbs/hr., bone dry basis, or other 
6. Purpose (circle those which apply): recover solids, dewater solids, wash solids, 
Classify solids, recover liquor, clarify liquor, separate 2 liquids, 
other 
B. MATERIAL TO BE CENTRIFUGED 
7. Name of solids in the feed Amount of solids % by wt. 
Amount of solids * by vol. D. 
8. Feed. Temp OF min, OF max, OF normal. Pressure psig. 
Viscosity Cps at ОЕ, Bulk density lbs/cu ft. pH 
Solids variation by wt * max, $ min. 
9. Is feed produced continuously or by batch. Рог hrs/24 hrs. 
10. Solids characteristics (circle those which арр1у) 
explosive amorphous fragile mineral granular 
inflammable colloidal free draining natural hygroscopic 
toxic crystalline slow draining synthetic slimy 
abrasive fibrous gelatinous organic 
Other 
11. Solid particle size distribution. Apparatus used: Tyler, other Tested wet,dry. 
retained on mesh & by wt. retained on mesh % by wt. 
n " " " И и 
" EUG Баа п " T TUM Se и" 
и TT CU " passing ин ==“ " 
12. Solids specific gravity. Real Apparent 
13. Liquor in feed Name * by vol. Vic. (Cps) Sp. gr. pH 
14. Liquor characteristics (circle those which apply): explosive, inflammable, 


toxic, foamy, heat sensitive, dermal sensitive, corrosive, other 





CENTRIFUGE APPLICATION 
INFORMATION 
PAGE 2 


OPERATING CONDITIONS 




















15. Feed Rate gpm min, gpm max gpm normal. 
16. Solids discharge requirements lbs/hr., bone dry basis, Residual 
moisture by wt % min, $ max, & normal, 
how determined Bulk density lbs/cu ft. 
Allowable crystal breakage % 
17. Liquor discharge requirements арш. Allowable solids % by wt. 
18. Is washing of solids required Name of wash liquor 
Allowable wash temp to OF. Amount lbs wash liquor/lb solids. 











19. Must wash liquor be kept separate from mother liquor 
20. Are additives permitted type and amount 
21. For liquid-liquid separation * of liquid (name) 
is allowable in liquid (name) Density % solids in either 
phase 
22. Type of operation (circle one): Batch manual, batch automatic, continuous. 
23. Operating requirements (circle those which apply): vapor tight, venting, inert 


atmosphere, pressurized. Other 





CENTRIFUGE MACHINE SPECIFICATIONS & MISC. 





























24. Materials of construction for parts in contact with process material 
25. Motor enclosure (circle one): drip proof, TEFC, explosion proof, other 
26. Available power: 1 phase, volts hertz 
3 phase, volts hertz 
27. What handling precautions are necessary 
28. Is product now being separated Machine type 
Diameter & length of bowl or basket x " Cake Thickness 
Bowl Capacity per cycle in lbs or Feed Rate in lbs/hr or GPM 
RPM Feed ; RPM Spin RPM Discharge ; 
Feed Time ; Spin Time ; Wash Time ; Spin Time 
Discharge Time ; Automatic, Semi-Automatic, Manual (circle one) 
What problems exist (circle those which apply): erosion, corrosion, capacity, 
efficiency, blinding, crystal breakage, cake moisture, other 
29. Attach Flow or Process Diagram. 


BEL 


ABBE : ( 















































MIXING TEST INQUIRY DATA 


corporation. 


























































































































QUESTIONNAIRE FOR MIXING OR BLENDING EQUIPMENT Name: Tite: 
In order to help our Engineering staff recommend the correct type and size mixer to satisy your individual needs, Company: Division: 
it is essential that you supply us with as much information as possible. The answers to the questions listed here will greatly Street: 
assist us in making a prompt, intelligent reply to your inquiry. АП information received will be held in strict confidence. City: State: Zip: Telephone: ( —— ) E I NUNT 
Name of Малена: 22 Amount... Маіче: 
Company. E Department 
Shipped Prepaid from: Via: Оаїе: 
Address. Location of Plant (Name of Company] 
Inquiry initiated by. Title Date Sample of Finished Product being sent: Yes: М. Мә раїе; 
1. Маше (if possible) material to be mixed or give names of similar well-know materials - also bulk density = == берки челе Мае; (Name of Company) Aun: 
E Address: Amount: 
2. Isthis material currently being mixed by you? If so, what type and size mixer is being used and Other Disposition Instructions: 
what HP is required? - 
Will the material be mixed in dry, liquid or paste form? КӨЕ 
А Я 4 y 
4. Should this operation be batch or continuous? TECHNICAL DATA 
What size batch do you wish to mix at one time, or how much production is required per hour, or per day of. ht -— > 
Statement of Mixing Application (Include Proportions of Ingredients): 
hours? TT TON 
6. What is the approximate weight per cu. ft. or gallon of the combined ingredients? 
7. Describe the consistency or viscosity of the material o- 
8. Is the material abrasive? CRER NES 
9. Will it be necessary to heat or cool the material during the mixing process? 
If so, what temperature is required? = 
10. If steam heat is to be used, what pressure will be used іп the Jacket? 
11. Is the mixing to be done under pressure or vacuum? If so, to what extent? Е а 
Blending or Dispersion Required: 
А К А 3 Capacity Per Hour Wanted — Min. and Max.: 
12. Is special dust tight construction required? ES Set рүен: man s e 
ы А М Caution № Explosive, Inflammable, Poisonous, Noxious: 
13. What clearance is desired under the discharge? жы. 
Я қ Characteristics Unusual аз Hygroscopic, Volatile, Corrosive: 
14. Should parts coming in contact with your material be made of special materials such as stainless steel, bronze, aluminum, 
Temperature Limitations: Softens: о Melts: Decomposes: 
Monel, еіс? If so, what material is preferred? xx 2 » i e 
Chilling Permissible: Heating Permissible: 
Normal Moisture Content: %, Oil, Fat, Etc., Content: % 


15. Should motor be standard open, totally enclosed or explosion proof? 





Give voltage, phase, and cycles of your electric current Ж 





16. Outline any specific problems which may be involved in mixing this material and let us have any other information which 


you feel would be helpful to us in providing the best recommendations 


























PAUL O. ABBE INC. 148 CENTER AVENUE LITTLE FALLS, NEW JERSEY 








Drying Permissible to:. 96. Addition of Water Permissible to: mmmh 





Abrasive As Containing Silica, Quartz, etc.: 




















Bulk Density: Ibs./cu. ft.; Product: ; Ingredients: 
Method of Packing and Preserving Perishable Materials: 

Solubility, and Fluids Recommended for Cleaning Equipment: 

Power Available: Volts: Phase: Cycles: 
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Information Request Form 


For Internal use: 
РР 


MAIL ТО ONE ОҒ THE ADDRESSES SHOWN BELOW Gale 





] would like а preliminary estimate of the cost and performance of Prism? separators for the application 
described below. 


Note: If more than one stream is to be considered, please machine copy this lorm and complete the 
information requested for each stream. 





























1. Feed stream data 
a. Source. 
b. Temperature. с. Pressure. 
Maximum 
d. Flowrate Expected. 
Minimum, 
Component Vol. % Component Vol. % 
е. Feed gas composition 
2. Desired Results: 
Recovery Purity Pressure 
permeate 





non-permeate 





3. If a tradeoff between purity and recovery is necessary, which is more important? 
О Purity 
О Recovery 


4. Use/Special Requirements lor the non-permeate gas 






Glitech 


Item No. or Service . 
Tower diameter, I.D. 
Tray spacing, inches 
Total trays in section 


Мах. ДР, тт Hg .... 


Conditions at Tray No. 


Vapor to tray, °F ..... 


Pressure, 
Compressibility 


*Density, lb./cu. ft... 
“Rate, lb./hr. ..... 


Liquid from tray, °F 
Surface tension 
Viscosity, ср... 

*Density, №./си. ft. 
*Rate, Ib./hr. ... 


СРМ hot liquid .... 


Foaming tendency 


NOTES: 















FRITZ М. GLITSCH & SONS, INC. 


P. О. Вох 6227 + Dallas, Texas 75222 





DISTILLATION 
Process Design Data Sheet 















































None_____ Moderate_____High____Severe______ 
"These values are required in this form for direct computer input. 








NAME: 





TITLE: 





COMPANY: 





ADDRESS: 





CITY: 


STATE: 


ZIP: 





COUNTRY: 





= 


This form may be used for several sections of trays in one tower, for several towers, or for various 
loading cases. Use additional sheets if necessary. 

Js maximum capacity at constant vapor-liquid ratio desired?. 
Minimum rate as % of design rate: % 

Allowable downcomer velocity (if specified): .— .. .— — ft/sec 
Number of flow paths or passes: FWG Choice; 
Bottom tray downcomer: Total агам; Other 
Trays numbered: top to bottom ; bottom to top 
Enclose tray and tower drawings for existing columns. 























Monsanto Company 
Sep 






TELEPHONE: ( ) 
TELEX: 
PLANT LOCATION: 











Monsanto Europe S.A. Monsanto Japan Limited Monsanto Far Emst Limited Monscsio Austicita Limited 


ms Group | Separations Bunnoss Ср 520 Kokusu Builds Separations Вул 









1.1. Maruresscha 3 е 3 
Chiyods ku 23 Harbour Road 151 Flinders 
yo 100. lapar: 3 Kong Melbourne. Australa 






т”. (03) 282 1751 
2614 





hone 5 740038 "Telepiescu. (03) ESA- 56/5 
HX 7349 Talex АЛ 30285 





DEAD geom 


14. Valve material 
15. Ultimate user 
16. Plant location 


Manhole size, I.D., 
Manways removable: юр; bottom 
10. Corrosion allowance: ¢.s._____; other. 
ll. Adjustable weirs required: yes. 
12. Packing material if required 
13. Tray material and thickness 


inches. 
; top & bottom 





no 
; not required 


























17. Other. 





Form No. PE-8 


10 69-2,5M-BENNETT'S-DALLAS 


% 1969 FRITZ W. GLITSCH & SONS, INC. 
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ROBATEL INC. 
SOLVENT EXTRACTION QUESTIONNAIRE 























Page 2 
1. NATURE OP THE OPERATION 
2. PHASE TO EXTRACT 
. Nature of diluent 
. Nature of solution to extract 
+ Concentration in solution 
. Density 
. Output 
3. SOLVENT 
. Nature of solvent 
. Density 
Output 
4. REQUIRED CHARACTERISTICS OF EXTRACT IMPOVERISHED IN SOLUTION 
- Concentration in solution 
. Approximate density 
5. REQUIRED CHARACTERISTICS OF EXTRACT ENRICHED IN SOLUTION 
. Concentration in solution 
. Approximate density 
6. NUMBER OF THEORETIC STAGES CORRESPONDING TO THE REQUIRED EXTRACTION AMOUNT 
(if possible, enclose a diagram of balance or the maximum information concerning 
the miscibility of the solvent and of the diluent). 
7. OPTIMUM TEMPERATURE OF EXTRACTION 
8. SOLIDS IN SUSPENSION 


Does one of the 2 phases comprise any solid in suspension before extraction? 


Which one? 


ROBATEL INC. 
SOLVENT EXTRACTION QUESTIONNAIRE 
Page 3 


Are these particles soluble in the other phase? 
Can these particles be eliminated before introduction into the extractor? 


. by filtration 


. by centrifugal decantation 


If particles can be eliminated by centrifugal decantation state: 
. time of decantation 

. Decanter bowl diameter 

. Speed of rotation 


With the two initial phases having no particles in suspension, do any precipitates 
appear during the process of extraction? Іп this case, after centrifugation are 
these precipitates situated: 


. within one of the phases 
. on the surface of the light phase 
. at the bottom of the heavy phase 


- in the zone of separation between the 2 phases 





SPECIAL CHARACTERISTICS 
Does an emulsion appear when the two phases are vigorously stirred? 
In case of emulsion: 


. If the phases separate themselves by static decantation state: 


- time required 
. If the phases separate themselves by centrifugal decantation state: 


- time required 
- decanter bowl diameter 


- speed of rotation 


After decantation is the surface of separation between the 2 phases very distinct? 


Does one of the 2 phases stay cloudy? 


Which one? 





DIVERSE INFORMATION 


Materials of construction 
Electricity supply available 
Explosion and flameproofing requirements 


Type of supporting base or structure 





LL 


SWENSON CRYSTALLIZER CHECKLIST 
CHECKLIST OF DATA REQUESTED ON CRYSTALLIZER INQUIRIES 


Fill in or attach as much information as is available so the most economic design can be prepared. 











Production 
1. Product being crystallized kx Атты. Rete... == 
2. Liquid Properties Feed Mother Liquor Purge 
Rate : е А 
Temperature m m НЕ 


Composition ...... " гі MON 

















Density 
Viscosity 
K (thermal conductivity) СЕ 











Ср (specific heat) = ES 





Boiling point elevation 





3. Evaporation Rate 





For organic vapors only give latent heat of evaporation /specific volume /vapor viscosity 








4. Solubility of Solute in solvent at various temperatures (solubility curve) or phase diagram if several solutes are present. 


5. Product Heat Heat of Reaction if 
of Specific Reaction in Crystallizer Specific 
Crystallization Gravity Produces Crystals Heat 





6. Crystal shape if known am Я - 





7. Product size required А px ы 





8. Suitable materials of construction for operating temperature range: 


Bodies. —Tubes .... Pumps... = Vacuum Equipment о 








9. Type of seals required in agitators or pumps and their materials of construction г 











10. Gasket material required if known... — E 


11. Utilities Available Steam Cooling Current 
Pressure Water Temperature Characteristics 











12. Describe flowsheet required or used and whether one or several bodies are required (or the economic factors which are 
to be used in determining the number of stages or effects. These factors include steam cost, water cost, electricity cost, 


amortization period, etc.) 

13. Any other data which the customer feels would be of help such as heat transfer data; present conditions under which the 
product is produced and type of equipment used; present crystal size; and effects of agitation, additives and/or temper- 
ature on crystal size, shape, recovery, or purity. 





14. If the solution is organic and test work is desired, give the flash point of the solution -- 2 2 — 





VULCAN IRON WORKS, МС. 


1050 UNITED PENN BANK BUILDING 
WILKES-BARRE, PENNSYLVANIA 18701 
(717) 822-2161 TELEX: 831-831 


Questionnaire 
INQUIRY DATA 


A. PROCESS REQUIREMENTS (PLEASE FURNISH ALL RELATED INFORMATION THAT IS 
READILY AVAILABLE) 














B. INCINERATION (THERMAL OXIDATION) WITH OR WITHOUT HEAT RECOVERY. 
(PLEASE FURNISH ALL INFORMATION THAT 15 READILY AVAILABLE.) 


ТҮРЕ OF PLANT AND PROCESS... 








WASTES TYPE OF HEAT RECOVERY THAT 
SOLIDS .. . QUANTITY LBSJHR. CAN BE UTILIZED 

SOLIDS — . ...... SOLIDS WASTE TYPE STEAM GENERATION: 

SOLIDS .. | | . HEAT VALUE BTU/LB LBS/HR, REQUIRED 
SOLIDS .______ASHCONTENT% 020202022 PSI OPERATING PRESSURE 
SOLIDS ______ MOISTURE CONTENT % ____°Е. OPERATING TEMP. 
SOLIDS ...— ..—.. QUANTITY LBS/HR. 

SLUDGES |... .. TYPE OF SLUDGE THERMAL НОНЕ 


HEAT LOAD BTU/HR. 
HEATING STATIONS 


SLUDGES .. . ASH CONTENT % 




















SLUDGES WATER CONTENT % - у 
SLUDGES _ ... COMBUSTIBLES CONTENT % F. TEMP. AT STATIONS 
SLUDGES |... HEAT CONTENT OF COMBUSTIBLES FUME PRE-HEATER 

CONTENT % (GAS TO GAS HEAT EXCHANGER): 
SLUDGES .  .. HEAT CONTENT OF COMBUSTIBLES HEAT RECOVERY EFFICIENCY 
BTU/HR. 96. GAS INLET TEMP. 
LIQUIDS __ QUANTITY GAL/HR. *F. HOT GAS OUTLET TEMP. 
LIQUIDS |. WASTE LIQUID TYPE HOT WATER HEATING 
LIQUIDS... HEAT VALUE BTU/GAL 
LIQUIDS . — ... VISCOSITY SE 
LIQUIDS — SPECIFIC GRAVITY : 
FUMES |... QUANTITY SCFM ASPHALT HEATING 
FUMES . . TEMP. LL GAL/MIN. 
FUMES — EFFLUENT TYPE *F. TEMP. RISE 
Е 
UMER” == —EFELUENT QUANTITY INDICATE ADDITIONAL INFORMATION 
AND COMMENTS ON REVERSE SIDE 

COMPANY . TELEPHONE 

ADDRESS . Е m ZIP 

LOCATION OF PROJECT Y ажа 

INDIVIDUAL Ls arsi TITLE DATE em 





MAIL ТО: VULCAN IRON WORKS, INC. 
1050 UNITED PENN BANK BLDG, e WILKES-BARRE, РА. 18701 U.S.A. 
TELEX: 831-831 
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CENTRAL LABORATORY 
n TEST INQUIRY DATA Project No.: 


corporation THERMAL PROCESSING Date: 


Company: x 
Address: 








Contact: = - 
MATERIAL SHIPMENT AND RETURN 
Test Material. 2. 7 LbsOf Dry Material, _. Lbs Wet Feed 15 Being Shipped Prepaid 
From: Via: EUM Date: Container: TA 
Samples Of Feed Desired Product Shipped Ма: Date: 
Test Material Return Instructions: MATERIALS NOT DISPOSABLE IN SANITARY LANDFILL MUST BE RETURNED 















































PURPOSE OF TEST 








MATERIAL DATA 


Final Moisture (Wet Basis): — 5 





Dry Material Name:_. 

































































Liquid Name: Chemically Free: . % Combined: 96 
Spec. Gravity, Solids: zs Feed Consistency: —__—_-_. 
Loose Bulk Density, Lb/Ft®:_____Wet_..___Dry Melting: SF Softening: OF, Sticking:— ор 
Angle Of Верозе: . Wet Dry АБгавіме:....---Нуаговсоріс:.. 
Spec. Heat. Solids; Liquid Зошые:— Vif Soluble In Liquid, Attach Solubility Curve) 
Heat, Fusion:.... Hydration: А Crystalliz.— Particle Size Feed Prod. Req'd. Prod. Allowed 
Latent Heat, Liquid:_. Boiling Point. %—On__. са 
Molecular Weight Of Liquid:. . %-Оп M r Ж 
Initial Moisture (Wet Basis) :.... %-Оп 3 UN 

Chemically Ғгее:.......---- % Combined: %—-On_. 

ANALYTICAL PROCEDURES 

Partical Size: Other: 
Volatiles: қан КЕТЕРІН - wen 








PROCESS DATA 
Production Rate:_. Lbs/Year At: Hrs/Year = Lbs/Hr 





Temperature In: OF 
. Contact With Combustion Products OK ?. 





Inert Gas Required:_. 





Quality Criteria: 








From What Equipment Is Feed Delivered ? 
Construction Materials: — 





Ultimate Product Use: 





Present Process And Equipment: 








Equipment Cleaning Method: _. rw © 


























UTILITIES 
Electricity: __. Steam At Psig. . ОЕ, Dowtherm At... РЕ 
Hot Ой At... Psig ОЕ, Molten Salt At. Psig— OF 
Fuel Gas At... Btu/Cu Ft, Fuel Oil At... Btu/Lbs, Cooling Water At E Рӯд ОЕ 
ЕМУІНОММЕМТ 
Plant At... — Ре Above Sea Level,. . = То, °F. Design For. % Relative Humidity 








3-11 
AGGLOMERATION 


FEECO INTERNATIONAL, INC. 


3913 ALGOMA RD. 
GREEN BAY, WISCONSIN 54301 


PHONE 414. 468-1000 FEECO 
TELEX 263456 
INTERNATIONAL 
- AGGLOMERATION 
Commercial Name of Material to be pelletized ес ate 
НЫ Formula. __. _—_________ Specific a DATA 


Capacity Required __......____..._______Ibs./hr. Feed Rate О or Discharge rate ГІ SH EET 


Agglomerator will operate___hrs. per day; . days per week; 


Company 5 ACT 





Address . .. = 








weeks per year 









































is feed uniform in quantity — - moisture temperature 
MATERIAL 

Moisture Content .. .— . — % before pelletizing a * product 

LBS./CU. FT. _._ 

Particle Size Average Smallest —— . Largest Нуаговсос- — 
Furnish screen Mesh | en = | | | 
analysis Passing B 
if possible [A 

Materia! is sticky .. — | Abrasive Corrosive — — Plastic Brittle Dusty - Hazardous 








Special additive (binder) required? 
Describe the process before and after pelletizing. 











POWER 110 volt phase _ cycle АС. рб = 
220 уой phase —. cycle AC DC xi 
440 volt phase cycle AC DC... 
AGGLOMERATION EXPERIENCE 
We have been Agglomeration = — material. Size of disc _____.. .. — . . Operating conditions .____ 





Capacity 
Agglomerator to be made of carbon steel O stainless steel ГІ other O x E is 





DELIVERY 
Drawings required MEE —. Proposal required —.... к. 
Quotation Date _ __ .. ____ Equipment delivery date 





information furnished by 





Return to — а Ж азаар 








3913 ALGOMA ROAD GREEN BAY, WISCONSIN 54301 
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ререх T. 
corporation. Rietz 
Strong-Scott 


10225 Higgins Road - Rosemont, Illinois 60018 - (312) 825-8010 > Telex: 25-3279 


APPLICATION DATA 
BRIQUETTING/COMPACTING - GRANULATING MACHINERY 8 SYSTEMS 
Please provide as much information as is presently available, so 
that we may determine your application reguirements. This information, 
which we will consider confidential, is essential to determine equipment 
that would be necessary for laboratory tests, budget estimates, and 
occasionally, to allow us to supply a firm quotation. 
1 - We are interested in: 
( ) Briquetting for a definite shape and size 
( ) Compaction/granulation for a granular material 


( ) Agglomerating systems in general 


2 - Our immediate need is for: 
( ) Costs for laboratory evaluation 
( ) Budget estimate for economic evaluation 
( ) A detailed proposal and quotation, if obtainable from 


this information 


3 - Material to be processed 





Bulk density (lbs./cu. ft.) 





Specific gravity 








Screen analysis | ^ $ + ^ mesh ____»% + mesh 
$ + mesh 22228 + mesh 

Moisture |^ $ Free % Combined 

( ) Water ( ) Other 





Temperature required for removal 


Maximum temperature the material can withstand without 
damage 


Estimated feed temperature to the machine 


Estimated maximum temperature of the feed material from the 
previous processing step that could be considered for machine 
feed 





Physical nature of the material: 


( ) Sticky ( ) Abrasive ( ) Corrosive 
( ) Hygroscopic { ) Thixotropic ( ) Toxic 
( ) Aerated ( ) Irritant 


If corrosive or abrasive, state some typical materials of 
construction you consider acceptable with this application. 





If toxic or irritating, give safety precautions and the LD50 
value, if known 








The material ( ) can ( ) cannot be processed in contact 
with the gases of combustion 


( ) A special atmosphere is required for processing 


Specify 





( ) The material contains combustible matter which could be 
considered as a source of heat if the material is heated 
to processing temperature by direct flame. 


Combustible matter 





Percentage by weight 





Estimate BTU/lb. 





What operation(s) will be performed immediately preceeding the 
agglomeration step 





Estimated production rate required { ) tons ( ) pounds 
per hour. Operation will be ( ) continuous ( ) intermittent 
Estimated hrs./day days/week days/yr. 


7 - Final product desired: 


( ) Briquets or pellets "x "x * 


( ) Granular material - mesh + mesh 





1442 


10 - 


11 - 


( ) Other 


Moisture (solvent) that may remain % 
Most materials аге briquetted or compacted by pressure alone. 
However, in some cases, a binder must be utilized to supple- 
ment the mechanical forces required for agglomeration. The 
binder has to be inert and non-contaminating to the material. 
Please state whether this approach would be permissible with 
your material. 


{ ) Yes { ) No Why? 





Electrical power available: 

Volts Cycles Hz. 
All motors over H.P. are to be for volt service. 
All motors are to be ( )  TEFC ( ) Explosion proof, 
Class ( ) Open ( ) Industrial standard 


( ) Other 





How is the agglomeration equipment to be used. 
( ) Completely new product proposed for production 


( ) Installation in a current process to improve or change 
the material's properties 


( ) Expansion of a current process using agglomeration equip- 
ment 


( ) Improvement of a current agglomeration process 
Why is agglomeration being considered at this time? 
( ) Improve product properties 

( ) Reduce dusting 

( ) Improve efficiency in a current process 

( ) To produce a specific size and shape 

( ) Meet a competitive condition 


( ) Reduce process costs 


Briquetting—(continued) 


U.S. DEPARTMENT OF LABOR 
Occupational Safety and Health Administration 


MATERIAL SAFETY DATA SHEET 


Form Approved 
OMB No. 44-R1387 





Required under USDL Safety and Health Regulations for Ship Repairing, 
Shipbuilding, and Shipbreaking (29 CFR 1915, 1916, 1917) 


SECTION I 





MANUFACTURER'S NAME 





EMERGENCY TELEPHONE NO. 





ADDRESS (Number, Street, City, State, and ZIP Code) 








CHEMICAL NAME AND SYNONYMS TRADE NAME AND SYNONYMS 





CHEMICAL FAMILY FORMULA 


SECTION И - HAZARDOUS INGREDIENTS 





TLV 


PAINTS, PRESERVATIVES, & SOLVENTS % А 
(Units) 


ALLOYS AND METALLIC COATINGS 


TLV 
(Units) 





PIGMENTS BASE METAL 





CATALYST ALLOYS 





VEHICLE METALLIC COATINGS 





FILLER METAL 


SOLVENTS PLUS COATING OR CORE FLUX 





є 
ADDITIVES OTHERS 











OTHERS 





HAZARDOUS MIXTURES OF OTHER LIQUIDS, SOLIDS, OR GASES 


TLV 
(Units) 














SECTION И! - PHYSICAL DATA 








BOILING POINT (°F.) SPECIFIC GRAVITY (H20=1) 





PERCENT, VOLATILE 


VAPOR PRESSURE (mm Hg.) BY VOLUME (%) 





EVAPORATION RATE 


VAPOR DENSITY (AIR=1) { 21) 











SOLUBILITY IN WATER 








APPEARANCE AND ODOR 


SECTION IV - FIRE AND EXPLOSION HAZARD DATA 








FLASH POINT (Method used) FLAMMABLE LIMITS 











EXTINGUISHING MEDIA 





SPECIAL FIRE FIGHTING PROCEDURES 











UNUSUAL FIRE AND EXPLOSION HAZARDS 





PAGE (1) (Continued on reverse side) 





Form OSHA-20 
Rev. May 72 


ар/ 





SECTION V - HEALTH HAZARD DATA | 
[THRESHOLD Limit VALUE Б 


EFFECTS ОҒ OVEREXPOSURE 


















EMERGENCY AND FIRST AID PROCEDURES 











SECTION VI - REACTIVITY DATA 


CONDITIONS TO AVOID 





STABILITY 









| UNSTABLE 





STABLE 
INCOMPATABILITY (Materials to avoid) 














HAZARDOUS DECOMPOSITION PRODUCTS 





CONDITIONS TO AVOID 
HAZARDOUS MAY OCCUR 
POLYMERIZATION 

WILL NOT OCCUR 





SECTION VII - SPILL OR LEAK PROCEDURES 


STEPS TO BE TAKEN IN CASE MATERIAL |5 RELEASED OR SPILLED 














WASTE DISPOSAL METHODO 











SECTION VIII - SPECIAL PROTECTION INFORMATION 


RESPIRATORY PROTECTION (Specify type) 


VENTILATION p EXHAUST SPECIAL 











MECHANICAL (General/ OTHER 





PROTECTIVE GLOVES EYE PROTECTION 





OTHER PROTECTIVE EQUIPMENT 





SECTION IX - SPECIAL PRECAUTIONS 





PRECAUTIONS TO BE TAKEN ІМ HANDLING AND STORING 





OTHER PRECAUTIONS 








SPO 934-110 — 
РАСЕ (2} Form OSHA-20 
Rev. May 72 


Material Safety Data Sheet—(continued) 


иди 


Absorption, 371-357 
column assembly, 371 
Acetic acid/MIBK/water extraction, 468 
Acetic acid purification, 547 
Acetic anhydride reactor, 573 
Acetone/methanol equilibria, 416 
Acetone/water equilibria, 423 
Acetonitrile 
azeotropic drying, 422 
extractive distillation solvent, 416, 419, 
420, 422 
Activity coefficient, 372 
solubility parameter, 374 
Wilson equation, 374 
Adiabatic saturation temperature, 234 
Adiponitrile reactor, 576, 577 
Adsorbents 
data, 496 
manufacture, 510, 511 
manufacture flowsketch, 498 
Adsorption 
breakthrough curves, 506 
design example, 505 
desorption profiles, 502, 503 
effluent profile, 504 
gases, 511, 513 
liquid phase, 506, 513, 515 
mechanism, 501 
MTZ (mass transfer zone), 500, 501 
multicomponent data, 503 
operating cycles, 502 
operating parameters, 502 
operating practices, 504 
packed beds, 500-504 
regeneration, 502, 504 
regeneration steam, 502 
Adsorption equilibria, 495, 497 
binary mixtures, 499, 500 
heat of adsorption, 500 
isotherms, 499 
liquids, 500 
temperature effect, 499 
Adsorption equipment, 510, 511, 513 
AHR process (Union Carbide), 511 
drying system flowsketch, 508, 511 
fixed beds, 509 
fluidized beds, 513 
gases, 511, 513 
hypersorber moving bed, 513, 516 
liquid phase process, 513, 518 
moving beds, 513 
Nofsinger moving bed, 513, 517 
pulsed bed process, 518 
sizing example, 505 
supports for beds, 510 
Toray process, 511, 517 
СОР simulated moving bed, 515, 517- 
519 
Agglomeration, 351 
binders, 354, 355 
products, 354 
Agitation. See also Mixers 
flow patterns, 291 
HP and rpm, 292 
performance, 294 
power consumption, 292 











Index 


Air classifiers, 338 

Air coolers, 194-199 
heat transfer, 196-198 
heat transfer example, 199 
sketches, 175 

Air leakage, vacuum systems, 164, 165 
other gases, 165 

Air properties, 674 

Air separation process, 37 

Air-water interaction, 231-234 
packed towers, 277—280 

Alumina by calcination, reactor, 593 

Ammonia absorption refrigeration, 226, 

229 

flowsketch, 277 

Ammonia oxidation reactor, 573 

Ammonia synthesis 
flowsheet, 27 
reactors, 572, 581-584 
performance data, 582, 583 
temperature profiles, 582, 584 

Angle of slide, data, 677—679 

ASME pressure vessel code, 625 

Autogenous grinding, 342 

Axial flow compressors, 146, 150, 153 
application range, 149, 150 
characteristics, 150 
figure, 147 

Axial flow pumps, 134, 136, 140 
application range, 150 

Azeotrope separation, 387, 388, 420-426 

Azeotropic distillation, 420-426 
acetonitrile/water separation, 422 
commercial examples, 421—424 
design method, 424 
ethanol/water/benzene process, 424 
n-heptane/toluene/MEK process, 424 
vapor-liquid equilibrium data, 421, 423, 

425, 426 


Ball mills, 342 
closed circuit operation, 345 
Denver, 342 
Hardinge, 346, 347, 351 
pebble type, 343, 347 
Batch distillation, 390 
chlorinated phenols, column profiles, 
383, 384 
constant overhead composition, 390 
constant reflux ratio, 390 
instrumentation diagram, 393 
material balances, 391 
McCable- Thiele diagram, 392 
operating profiles, 393 
Batch reactors, 557 
Belt conveyors, 76 
arrangements, 82, 83 
sizing calculations, 83 
sizing data, 81, 82 
Belt filters 
performance data, 328 
Sketch, 325 
Benzene dealkylation process, 28, 29 
Berks ring dryer, 265 
performance, 264 
Binary distillation, 379 
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algebraic method, 382, 387, 389 
algebraic method example, 392 
azeotropic mixtures, 387, 388 
batch, 383, 390—393 
constant molal overflow, 380 
material and energy balances, 380 
McCabe- Thiele diagram, 381 
model sketch, 380 
multiple feeds and products, 386 
packed towers, 398—404 
partially miscible liquids, 388, 389 
q-line, 381 
unequal molal latent heats, 382, 385, 
390 
Binders for agglomeration, 354, 355 
Bingham liquids, 104, 105, 107-109, 711 
Biochemical glossary, 657 
Blasius equation, friction factor, 69 
Blenders, in line, 300-302 
sketches, 302 
power, 300 
Blenders, powder, 301, 302 
Blowers, 143 
application range, 149 
two-lobe, 148 
Boiling, 187. See або Reboilers 
Booklists 
bibliographies, 16 
data collections, 16 
encyclopedias, 16 
equipment, 16 
essential, for process design, 15 
estimation of properties, 16 
safety aspects, 16 
special data collections, 17 
Brine electrolysis, 648, 653, 656 
Hooker cell, 648 
mercury cell, 653 
Briquetting, 354 
gear, 358 
integrated equipment, 358 
product shapes, 362 
rolls, 358 
Brodie crystallizer—purifier, 545, 546 
Bubblecap trays, 428, 430-433 
allowable vapor rate, 432 
comparisons with other kinds, example, 
431 
Jersey Critical correlation, 432 
liquid gradient, 433 
Souders- Brown correlation, 432 
Bubblepoint conditions, 375, 376 
calculation diagram, 379 
example, 378, 379 
Bubblepoint method, multicomponent 
distillation, 408 
algorithm flowsketch, 406 
Bucket elevators, 78, 86 
Butadiene 
solubility, 420 
vapor-liquid equilibria, 420 
Butadiene sulfone manufacturing process, 
35 
Butanol/ethanol equilibria, 375 
Butanol/water separation, 388 
Butinediol reactor, 576 
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Buttner—Rosin pneumatic dryer, 265 
performance, 264 
Butyl cresol purification, 547 


Caprolactam hydrogenation, 576, 577 
Cartridge filters, 319 
applications, 323 
particle recovery range, 323 
Catalyst bed support modes, 587 
Catalysts 
effectiveness, 555, 565-567 
heterogeneous, 562 
homogeneous, 562 
industrial examples, 550—553 
kinds, 563 
organic reactions, 563 
physical properties, solids, 564, 565 
pore tortuosity, 565 
porosity, 564, 565 
selection basis, 562 
surface area, 564, 565 
Catalytic cracking reactors 
fluidized bed, 579, 591, 592 
moving bed, 588 
temperature and composition profiles, 
595 
transfer line type, 580, 581, 591 
zeolite catalyst type, 591 
Catalytic reformers, 572, 586 
Catalyzed organic reactions, 563—564 
Cement kilns, 576, 590 
Centrifugal compressors, 145 
application range, 149, 150 
cross section, 147 
selection, 161 
specification form, 66 
specifications, 152 
Centrifugal pumps, 117-143, 134, 147 
application range, 140, 143 
capacity-head range, 138 
characteristic curves, 58 
costs, 138 
diffuser type, 139 
double suction, 136, 139, 143 
efficiency, 134, 137, 141, 144 
glossary, 166 
good qualities, 141, 142 
impeller types, 140 
parallel operation, 133, 147 
seals, 137, 142 
series operation, 133, 147 
single suction, 136, 139, 143 
viscosity effect, 145 
volute type, 139 
Centrifuges, 321 
data, 333 
filtering types, 329 
selection criteria, 307, 334 
Chemical reactor control, 53—58 
Chemical reactor operating patterns 
CSTR (continuous stirred tank reactor), 
555, 557 
design basis, 549 
material and energy balances, 555—559 
non-flow, 557 
packed bed, 559 
PFR (plug flow reactor), 558 
residence time distribution, 556 
segregated flow, 561 
Chemical reactors, 549-610 
Chlorinated phenols separation, 383 


Chloroform/acetone/MIBK equilibria, 
416 
Choking velocity, pneumatic conveying, 
119 
Chromatographic separations, 510, 520 
chromatograms, 520 
economic data, 516 
example, 125 mm column, 521 
example, pinenes separation, 521 
flowsketch, 521 
Circulating gas or solid reactions, 596 
Clarifiers, 315, 320, 338 
performance, 320 
Closed circuit grinding, 341, 345, 351 
Coal 
carbonization, 20 
gasifier, 593 
liquefaction, 609 
slurry pipeline, 70 
Coalescence, 613, 615 
Codes and standards, 2, 3 
Coefficient of performance (COP), 224 
Coking, fluidized bed, 591 
Colebrook equation, friction, factor, 94 
Combustion gas turbine, 65, 68 
arrangements, 67 
performance calculation, 67 
Compact exchangers, 178, 194, 195 
Compaction, 351 
Composition control, 40, 43 
Composition profiles. See Temperature 
profiles, reactors 
Compressibility factor, 162 
Compressibility, filter cake, 310, 311, 316 
cell measurements, 314 
calculation example, 314 
data, 316 
Compression of gases, 153 
efficiency, polytropic, 158, 159 
friction, 156 
ideal gases, 153, 155 
isentropic, 155, 156 
mixtures, 157 
multistage, 161, 164 
non-ideal, 157, 160 
polytropic, 156 
ratio, multistage, 161, 164 
temperature rise, 159, 162 
thermodynamic diagram, 157 
variable heat capacity, 157 
Compression ratio, rule, 161 
Compressors 
application ranges, 149, 150 
characteristic curves, 59 
control, 59, 60 
efficiencies, 158 
operating ranges, 150 
types, 145, 147-149 
Condensation, 187 
Condensers 
configurations, 204 
control, 46 
design method, 205, 206 
heat transfer coefficients, 196 
partial, model, 206 
sizing example, 207 
Conduction, thermal 
composite walls, 170 
Fourier equation, 169 
hollow cylinders, 170 
metal walls, 182 
Conductivity, thermal, data, 170 


packed beds, 587, 599—601 
Control valves, 129-131 
Convection, forced, 186 
Convection, natural, 186 
equations, 189 
Conveyors, mechanical, 76-88 
Cooling towers, 280-285 
approach to equilibrium, 234 
bid data required, 284 
kinds of fill, 282 
performance curves, 284 
sizing example, 281, 282 
sketches, 283 
types, comparison, 280, 282, 285 
water loss, 285 
Cost indexes, inflation, 669 
Costs of equipment, 663 
alphabetical index of equipment, 664 
distillation tower example, 663 
inflation indexes, 669 
installed cost multipliers, 668, 669 
purchased and installed cost, example, 
663 
Cracking furnace reactor, 574 
Cracking, gas oil, 33 
Cryogenics, 229 
Crystal growth rate, 531, 533 
Crystallization 
conditions for crystal formation, 528 
crystal growth rate, 533 
design example, 524 
ideal stirred tank model, 533-539 
melt type, 523, 543-548 
MSMPR model, 533-539 
size distribution, 525 
solution type, 523 
Crystallization data literature, 535 
Crystallization equipment, 537—543 
APV-Kestner, 542, 543 
batch, stirred and cooled, 539, 540 
Brennan—Koppers, 545, 547, 548 
Brodie, 545, 546 
circulating coolers, 539, 540 
circulating evaporators, 539, 540—542 
direct refrigeration, 540, 541, 543 
ОТВ (draft tube baffle), 540, 542 
Escher- Wyss, 542, 543 
Kureha, 545, 547 
MWB (Metallwerk Buchs) process, 543, 
545 
Oslo, 541, 543 
scraped jacketed pipe, 538, 540 
sugar vacuum pan, 540, 541 
Swenson- Walker, 538, 540 
ТМО, 545, 547 
Tsukushima, 542, 543 
twinned, Nyvit, 541, 543 
Crystal size 
distribution, 525, 530, 532, 539 
distribution, from seeded tank, 534 
from commercial equipment, 532 
Crushing. See also Size reduction 
product size distribution, 337 
CSTR (continuous stirred tank reactor), 
555, 557 
comparison, complex reactions, 569 
comparison with PFR, 571 
comparison with segregated flow, 561 
Cumene synthesis, 56, 57 
Cyclone separators, 616 
calculation, example, 621 
dimensions, 620 


drum with tangential inlet, 620 
performance, 621 
pressure drop, 617 


Diaphragm pump, 142, 143 
Deentrainment 
commercial equipment, 619 
cyclone dimensions, 620 
cyclones, 616, 620, 621 
empty drums, 615, 617 
wire mesh pads, 615, 616, 618, 620 
Densities, bulk, data, 677-679 
Desalination, 632 
performance, 640 
Design basis, 12 
questionnaire, 13, 14 
Detergent manufacture, 35 
Dewpoint conditions, 376 
calculation, 378 
Dichlorbenzene purification by 
crystallization, 547 
Diffusion 
equimolal counter, 399 
stagnant film, 399 
Dimensionless groups 
heat transfer, 182 
mixing, 290, 291 
table, 188 
Direct contact heat transfer, 185 
Dispersion model, 560—562 
first order reactions, 561 
second order reactions, 562 
Distillation, 371—457 
batch, 390 
binary, 379 
column assembly, 371 
flash, 375 
multicomponent, 393 
Rayleigh, 378 
Distillation, petroleum, 37 
Distillation, simple. See Rayleigh 
Dodecylbenzene sulfonate reactor, 576 
Dorr classifier, 338 
Double pipe exchangers, 195 
Droplet sizes, 613 
range, 631 
Drum dryers, 254, 255 
performance, 261—263 
sketches, 260 
system, 260 
Drums, 611 
capacity, partially full, 626, 627 
compressor surge, 612, 613 
design example, 628 
dimensions, 611 
gas-liquid separators, 613, 620 
holdup, 612 
liquid-liquid separators, 612 
reflux, 612 
Dryers 
batch, 241, 247, 248 
belt, 242, 252, 253 
belt conveyor, calculation, 239 
classification, 237, 241, 242, 244 
continuous tray, 242, 247, 251 
costs, 240 
drum, 254, 255, 260-263 
evaporation rates, 243 
fluidized bed, 262-272 
paddle and ribbon, 249 
pan, 250, 251 
performance, comparative, 243 





pneumatic conveying, 237, 255, 263-267 
products, 240, 245 
residence time distribution, 245 
rotary, 247, 251, 254, 256—259 
specifications, 240, 246 
spray, 237, 268—279 
tumbler, 249, 250 
tunnel, calculation example, 238 
vacuum, 248 
Dryers, pilot plant sizes 
fluidized bed, 237 
pneumatic conveying, 237 
rotary, 237 
spray, 237, 278 
Wyssmont tray, 237, 251 
Drying rate, 234, 237 
constant period, 235, 237 
data, 235, 236 
falling period, 235, 237 
pilot plant testing, 237, 251, 278 
DTB (draft tube baffle) crystallizer, 540, 
542 
Dualflow trays, 426 


Economic analyses, 4 
list of published cases, 4, 5 
optimum efficiency, Linnhoff, 6 
waste heat recovery, 11 
Effectiveness, catalyst, 555 
ammonia synthesis, 567 
sulfur dioxide oxidation, 567 
Thiele modulus, 566 
Effectiveness, heat transfer. See F-method 
Efficiency 
extraction equipment, 487 
sieve tray extractors, 483 
Efficiency, compression 
isentropic, 155 
polytropic, 159 
volumetric, 161 
Efficiency, distillation trays, 397, 439ff 
Efficiency, packed towers, 436, 437 442, 
449, 452-456 
Efficiency, tray, 439 
AIChE method, 439 
Bakowski method, 442, 451 
Chu et al. method, 442, 451 
data in terms of vapor factor, F, 448 
F factor, 429, 448 
McFarland et al. method, 439, 442, 451 
O'Connell method, 439, 450, 451 
survey of data, 444-447 
vapor rate and, 448, 449 
Electrochemical synthesis, 645 
cell types, 648, 653, 654 
energy requirements, 653 
fuel cells, 646, 655 
overvoltage, 654 
reactions, 646 
Electrodialysis, 508, 517 
equipment, 513, 514 
performance, brackish water, 515 
Emissivity of gases, 220 
Energy balance in fluid flow, 92 
mechanical, 93 
units, example, 94 
Engineering manhours for projects, 2 
Enthalpy residual, 158, 159 
Enthalpy-concentration chart, 524 
application example, 529 
construction example, 390 
distillation diagram, 391 
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distillation equations, 380 
some salt solutions, 529, 530 
Entropy residual, 158, 159 
Enzymes, 650 
examples, 650 
production, 658 
Erlang distribution, residence time, 558 
Equation of state, gases, 91 
density calculation, 91 
Ethanol/acetic acid separation, 385 
Ethanol/butanol equilibria, 375 
Ethanol/isopropanol/water separation, 
421 
Ethanol/water separation 
distillation, 387, 394, 424 
reverse osmosis, 642 
Ethylene 
manufacture process, 40 
purification, 40, 47 
specifications, 40 
Ethylene reactor, 573, 574, 588, 593 
circulating sand, 593 
flame reactor, 573 
Evaporators, 208-211 
backward and forward feed, 211 
heat transfer coefficients, 211 
sketches, 209-211 
thermal economy, 210 
Extended surfaces, heat transfer, 188 
calculation example, 193 
sketches, 178 
Extraction equipment, 476-490 
centrifugal, 484, 487, 490 
comparison of types, 477 
mixer-settlers, 477, 479 
packed towers, 478, 480, 482, 485-487 
performance comparison, 478 
pulsed towers, 481, 483, 487 
RDC (rotating disk contactor), 482, 487 
reciprocating trays, 481 
rotary, agitated, 482, 485-487 
sieve tray towers, 480, 486, 487 
spray towers, 478, 480, 486 
Extraction, liquid-liquid, 459 
countercurrent, 466, 470 
crosscurrent, 464, 468 
dispersed phase selection, 476 
equilibria, 459-463 
extract reflux, 468, 470, 472 
immiscible solvents, 464, 469 
minimum reflux, 467, 469 
minimum solvent/feed ratio, 468, 471 
minimum stages, 467, 469 
model, 469 
multicomponent, 473-476 
single stage, 463, 468 
stage requirements, 463-472 
Extractive distillation, 412, 417-422 
additive selection, 412, 414 
ethanol/isopropanol/water process, 421 
examples of processes, 417 
isoprene recovery, 36, 417, 422 
McCabe-Thiele diagram, 422 
methylcyclohexane/toluene/phenol 
process, 421 
vapor liquid equilibria, 416, 418—420 
Extrusion, 358 
ring, 358, 366 
ring applications, 365 
screw, 360, 366 


F, tray capacity factor, 429, 448 
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F-method, heat transfer, 173, 175—177 
example, 180 
formulas, 179 
Fans, 143 
application range, 149 
blade shape, 152, 153 
controls, 151 
efficiency, 151, 153 
laws of, 151 
performance, 151, 152 
Feed tray location, distillation, 397 
Kirkbride equation, 397 
Feedback control, 39, 41 
Feeders, granular solids, 45, 83, 87, 88 
Fenske minimum trays, 382, 395 
Fermentation, 648 
characteristics, 649 
equipment sketch, 659 
flowsketches, 658 
operating conditions, 650, 652—654 
process types, 650 
products, commercial, 657 
reactors, 654, 659, 660 
Film coefficients, heat transfer, 180 
data, 186 
Filter cakes 
compressibility, 310, 311, 314, 316 
permeability, 315 
porosity, 315, 316, 318, 319 
resistivity, 313-315, 317, 319 
Filter media, 313 
porosities and permeabilities, 315 
Filters, pressure, 319 
commercial sizes, 323 
Filtration 
constant pressure, 306 
constant rate, 306 
data sheet, testing, 322 
example, with centrifugal pump, 311 
laboratory testing, 317, 318, 321 
scaleup, 317, 318 
SCFT concept, 317 
test data, example, 310 
theory, 306 
Filtration equipment 


application and performance, 320, 321, 


330 
belt, 319, 325, 328 
double drum, 319, 327 
horizontal rotary, 319, 325, 327 
Kelly, 307, 319, 323, 324 
leaf, 319, 323 
plate and frame, 319, 323, 324, 331 
rotary disk, 307, 319, 327 
rotary drum, 319, 326-328 
Sparkler, 324 
Sweetland, 319, 323—325 
Vallez, 319, 323-325 
Fired heater reactor, 574, 575 
Fired heaters, 211 
box size, rule, 213 
design example, 217—220 
design procedure, 214-217 
efficiency, 213-214 
heat fluxes and temperatures, 213 
peak temperatures, 214 
Sketches, 212 
Fittings, pipe, resistances, 95, 98-100 
Fixed bed solid catalysis, 596 
Flame reactor, 573 
Flash conditions, 375-377 
example, 378 


Ks dependent on composition, 377 


Flight conveyors, 81 

Flocculants, 309 

Flocculation, 351 

Flooding, packed towers, 433, 441 


liquid-liquid, 485 


Flow control 


fluids, 58, 59 
solids, 43, 44 


Flow number, agitation, 290 


limiting values, 293 


Flowsheets 


example descriptions, 33-37 
examples, 20, 26-30 
mechanical (P & I), 21-25 
process, 19 

process, checklist, 20 
process descriptions, list, 33 
symbols, 21-25 


Fluidization, 120-126 


bed expansion, 121, 126 

characteristics, 123 

freeboard in vessel, 126 

kinds of particles, 124 

minimum bubbling rate, 121, 122, 126 

minimum rate, 121, 122, 126 

regimes, 123 

TDH (transport disengagement height), 
121, 122 

vessel dimensions, 125 

viscosity, 126 


Fluidized bed agglomeration, 362 


performance data, 368 
sketches, 369 
spouted bed, 363, 368, 369 


Fluidized bed catalysis, 601—604 
Fluidized bed dryers, 262—265, 267, 268 


gas velocity, 267 

performance, batch, 270 
performance, continuous, 271, 272 
sizing, example, 272 

sketches, 268, 269 

thermal efficiency, 267 


Fluidized bed processes, 577 
Fluidized bed reactors, 579, 580, 582, 591, 


592 
control, 55, 58 
ebullating beds, 593 
mechanism, 580 
multistage, 593 
noncatalytic, 582, 593 
operating data, 579 


Fluidized beds, non-catalyzed solids, 595 
Foam separation, 635 


data, 644 
equipment, 644 


Fouling factors, heat transfer, 180 


data, 183, 184, 186 


Fourier equation, 169 
Fractionation. See Distillation 
Fractionator conntrol 


lower ends, 49, 50 
upper ends, 51, 52 


Freeze drying, 639 


cycle lengths, 639 
products, 646 


Friction, 93 
Friction factor, 92 


Colebrook equation, 94 
granular beds, 117 
non-Newtonian fluids, 109 
Rounds equation, 94 


Schacham equation, 94 
von Karman equation, 95 
Froth flotation, 636, 638 
equipment, 645 
performance, 638 
Fuel cells, 646 
characteristics, 655, 656 
Fugacity coefficient, 372 


Gas dispersion, 296, 297, 299, 300 
design example, 301 
flooding, 299 
mass transfer coefficients, 299 
Gas flow in pipe lines, 109 
adiabatic, 110—112 
isentropic, 109 
isothermal, 110, 112 
non-ideal, 111, 113 
Gas-liquid reactions, 595 
with solid catalysts, 604, 605, 607, 609 
Gas-liquid-solid reactions, 609 
Gas-liquid separators, 613 
deentrainers, wire mesh, 615, 616 
droplet sizes, 613 
drum with tangential inlet, 620 
empty drums, 615 
entrainment, 613, 617 
example, empty drum, 618 
example, sieve tray, 617 
key dimensions, 617, 618 
sieve tray correlation, 618 
Gas oil cracking, 33 
Gas separation 
hydrogen enrichment, 633 
membrane processes, 633 
Gas-solid flow. See also Pneumatic 
conveying 
choking velocity, 119 
pressure drop, 119, 120 
Gas treating plant, 30, 36 
Gauges of plates, sheets and wires, 676 
Gear pumps, 134, 141, 143 
GHSV, 549 
Gilliland correlation, trays, 397 
Molokhanov equation, 397 
Globulation, 351 
Glossary 
biochemical, 657 
centrifugal pumps, 166 
Gradient, liquid, bubblecap trays, 433 
Graesser extractor, 484 
Granular beds. $ee Packed beds 
Granular materials 
bulk densities, 78-79, 677-679 
angle of inclination, 78-79 
angle of repose, 78-79, 677—679 
Granulators, 352 
applications, 355 
capacity and power needs, 356 
pans, 352 
performance on cement, 356 
products, 355 
rotating dish, 353, 355, 359 
rotating drum, 353, 355 
size stratification, 355 
tumbling, moisture requirement, 356 
Gravitational constant, 91, 92 


Hand correlation, liquid—liquid equilibria, 
463, 465 
Heads, vessel 
design example, 628 


formulas, partially full, 627 
thickness, formulas, 625 
types, 627 
Hearth reactors, 578, 590 
Heat exchangers, 169—229 
control, 44—47 
types, 188 
Heat transfer coefficients, film 
convection and radiation, 189 
equations, 189-192 
Heat transfer coefficients, overall, 170 
air coolers, 196—198 
condensers, 196 
data, 183-185 
range of values, 180 
Heat transfer, direct contact, 185 
Heat transfer, fluidized beds, 589, 592 
data, 606—608 
experimental work survey, 608 
horizontal tubes, 609 
submerged coils, 606 
vertical tubes, 606, 607, 609 
walls, 606, 608 
Heat transfer media, 172 
Heat transfer, packed beds, 578, 600, 601 
at the wall, 599 
between particles and fluids, 599 
overall coefficient, 605, 606 
thermal conductivity, 600, 601 
Heat transfer, reactors, 582 
between particle and fluid, 587 
fixed beds, 578 
fluidized beds, 589, 592, 606—609 
immersed coils, 597 
jacketed vessels, 597 
overall coefficients, 602, 603 
stirred tanks, 586, 594, 598, 599 
walls, 587, 589, 599, 606 
Heat transfer, units of quantities, 188 
Heaters, fired. See Fired heaters 
Heptane/toluene/MEK separation, 424 
НЕТР (height equivalent to a theoretical 
plate), 442 
correlations, 448 
data, 453-456 
Hickman stili, molecular distillation, 427 
HIGEE fractionator, 399 
Homogeneous gas reactions, 592 
HTU (height of a transfer unit), 401, 404, 
422 
Cornell et al. correlation, 449 
data, 452, 454, 456 
liquid-liquid extraction, 484 
Humid volume, 234 
Humidity, 231 
relative, 231 
Hydrochloric acid electrolysis, 656 
Hydrocyclones, 307, 320, 339 
liquid, 613 
performance graph, 340 
sizing example, 341 
Sketches, 330 
Hydrofining reactor, 587 
Hydroformer, fluidized bed, 591, 592 
Hydrogenation reactor, 576 


Impellers, agitation 

kinds, 288—290 

location, 288 

size, 288 

sizing example, 203, 204 
Impellers, centrifugal pumps, 140 


Information sources, 2 
Installation cost factors, 668, 669 
Insulation, 219 
economic thickness, 220, 224 
high temperature, 222, 223 
low temperature, 221, 222 
medium temperatures, 222 
Ion exchange, 506-508 
design practices, 506, 508 
equilibria, 497, 499, 500 
equipment, 508, 512, 513 
membranes, 517 
operating practices, 506, 508 
properties of materials, 507 
selectivity example, 503 
selectivity scales, anions and cations, 
507 
Ion exchange equipment, 508, 512, 517 
continuous processes, 515, 519, 520 
fixed bed arrangements, 512 
performance, Uranium recovery, 515 
sizing example, 513 
Isoprene 
recovery, 36, 417, 420, 422 
solubility, 420 
vapor-liquid equilibria, 420 
Isotope separation, thermal diffusion, 
649—651 


Jet compressors, 143 


K-chart, 372 

Kelly filter, 307, 319, 323, 324 

Kenics blender, 302 

Knudsen diffusivity, 564 
Kremser-Brown formula, 398, 399, 466 


Laminar flow, 92 
non-Newtonian, 108, 109 
Leaching, 470—473, 491—493 
battery, 493 
Bollman bucket type, 491 
Bonotto tower, 491 
continuous equipment, 491 
equipment, 488, 491, 492 
example, calculation, 472 
Hansa—Muehle bucket type, 491 
Hildebrandt tower, 491 
settling tanks, 492 
Level control, 43, 44 
Lewis-Matheson method, distillation, 404 
LHSV, 549 
Linde trays, 430 
Liquid-liquid equilibria, 459-463 
distribution coefficient, 460 
Hand correlation, 463, 465 
Janecke coordinates, 460, 461 
tielines, 460 
Liquid-liquid extraction, 459-493. See also 
Extraction 
control, 50, 53-55 
Liquid-liquid reactions, 595 
Liquid seal ring compressors, 149, 153 
heating effect, 153 
specifications, 155 
Lockhart- Martinelli correlation, 115, 116 


McCabe Delta-L law, crystallization, 533 
calculation example, 534 
McCabe- Thiele diagram, distillation, 381 
Magnesium sulfate/water diagram, 526, 
529 
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Mass transfer coefficient, 399, 442 
data, 454, 455 
gas dispersion, 299 
Material and energy balances, 3-5 
distillation, 391, 401, 405 
Maximum mixedness, 560 
volume ratio to segregated flow, 560 
Zwieterings equations, 560 
Melt crystallization, 543-548 
Brennan-Koppers purifier, 545, 547, 
548 
Brodie crystallizer-purifier, 545, 547 
Kureha purifier, 545, 547 
multistage, 543 
MWB process, 543, 545 
Phillips process, 544—546 
Schildknecht column, 543, 544, 546 
TNO bouncing ball process, 545, 547 
Melt purification. See Meit crystallization 
Membranes, 631, 632, 641 
applications, 632 
cellulose acetate, 635 
equipment configurations, 632 
gas permeation, 633, 644 
hollow fiber, 632, 633, 641, 643 
performance, 640 
Permasep, 641 
plate and frame, 638 
Prism, 633, 643 
properties, 635, 636 
Structures, 632 
tubular, 638, 639 
types, 635, 636 
Merkel diagram. See Enthalpy- 
concentration chart 
MESH equations, 405 
Methanol synthesis, 580, 585 
Methanol/water separation, 390 
Methylcyclohexane/toluene/phenol 
separation, 421 
Methylethylketone/water equilibria, 423 
Microbial processes. See Fermentation 
Mixers. 5ее also Agitation 
blend time, 290 
dimensionless groups, 290 
gas dispersion, 296—301 
in line type, 300, 301 
liquids, power and speed need, 293, 295 
powders and pastes, 301, 303, 304 
power number, 290—292 
quality characterization, 290—292 
suspension of solids, 295-299 
tank design, 287, 288 
Moisture content, critical, 237 
Molecular distillation, 425-427 
equipment sketches, 427 
Hickman still, 427 
operating conditions, 426 
rate of evaporation, 426 
Molecular sieves 
applications, 496 
capacity decline with use, 506 
properties, 496, 497 
Molokhanov equation, distillation, 397 
Motors 
applications, 62 
relative costs, 61 
types, 61 
MSMPR crystallization model, 533-539 
MTBE (methyl tertiary butyl ether), 597 
MTZ (mass transfer zone), adsorption, 
500, 501 
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Multicomponent distillation, 393 
absorption factor method, 398 
azeotropic, 420—426 
bubblepoint (BP) method, 406—409 
computer program references, 404 
concentration profiles, 394 
distribution of non-keys, 395 
Edmister method, 398, 399 
extractive, 412, 417—422 
feed tray location, 397 
free variables, number of, 395 
Lewis-Matheson method, 404 
MESH equations, 405-407 
molecular, 425-427 
nomenclature, 405 
number of theoretical trays, 397 
packed towers, 433—439 
petroleum, 411-415 
reflux, minimum, 397 
reflux, operating, 397 
SC (simultaneous correction) method, 

408-411 
sequencing of columns, 393, 394 
short cut design example, 396 
SR (sum rates) method, 407—409 
Thiele- Geddes method, 404, 407 
trays, minimum number, 395 
tray towers, 426—433 
Wang-Henke method, 406—409 

Multicomponent extraction, 473-476 
calculation procedure, 474, 477 
example, 476 
material balance, 474 

Multipass heat exchangers, 173, 175-177 

Multiple feeds and products, distillation, 

386 
MWB (Metallwerk Buchs) crystallization 
process, 543, 545 


Naphthalene purification, crystallization, 
547 
Naphthali-Sandholm method, 404 
algorithm flowsketch, 411 
Nitric acid reactor, 576 
Nitrogen fixation, 574, 578, 588 
Nitrotoluene isomers separation, 544 
Noncatalytic reactions with solids, 595 
Non-Newtonian liquids, 100, 103—109 
Bingham, 104, 105, 107-109 
dilatant, 103, 104 
laminar flow, 108, 109 
pressure drop in lines, 106, 109 
pseudoplastic, 103, 104 
rheopectic, 104, 105 
slurries, 71 
thixotropic, 104—106 
viscoelastic, 105, 106 
Notation, 672 
NPSH, pumps, 133, 146 
centrifugal pumps, 146 
positive displacement pumps, 134, 135 
various pumps, 144 
NRTL equation, 475 
NTU (number of transfer units), 401, 402, 
404 
air—water interaction, 277 


Octane/toluene/phenol equilibria, 416 
Olefin production, 33, 40 
Orifices, flow through, 95 
Osmosis, 631 
equation, 631 


flow rates, 631 

Osmotic pressure 
calculation example, 633 
concentration effect, 632 
equation, 631 
maxima in industrial operations, 631 
molecular weight effect, 632 


Packed beds, 117-119 
friction factor, 117 
permeability, 117 
porosity, 177 
supports in vessels, 574, 587 
thermal conductivity, 587, 599-601 
two-phase flow, 118, 119 
Packed bed reactors, 559, 572 
support of catalyst bed, 587 
Packed towers, 433 
allowable flow rates, 438, 440, 441 
efficiency, 436, 437, 442—456 
flooding, 433, 438 
internals, sketches, 434 
kinds of packing, 433, 435 
liquid distribution, 434, 439 
liquid holdup, 439 
packing factors, 438 
packing size selection, 433 
performance comparison, example, 441, 
442 
pressure drop, 437-440, 443 
structured packings, 435, 437 
Packed towers, air/water interaction, 
271—280 
HTU data, 280 
NTU, 277 
tower heights, 279 
Packed towers, extraction, 478—485 
capacity, 484, 487 
efficiency, 487 
flooding, 485 
sizing example, 486 
Packed towers, separations in, 398 
absorption or stripping, 401, 402 
absorption example, 403 
distillation, 401 
distillation example, 402 
equimolal counterdiffusion, 399 
mass transfer coefficients, 399 
mechanism, diagrams, 400 
stagnant film diffusion, 399 
Packing factors, 438 
Pall rings, 435 
capacity and pressure drop, 440, 443 
Parametric pumping, 639, 640, 642 
cycles, 648 
data, 647 
schematic, 647 
Partially miscible liquid distillation, 388 
Particle size 
classification, air, 337, 338 
classification, wet, 338, 339 
distribution, 337 
enlargement, 351—369 
measurement with sieves, 336 
range, 631 
reduction, 339-350 
surface average, 124 
Paste blenders, 301, 303 
Pebble heater, 575, 578, 588 
Peclet number, 558, 559 
Peristaltic pump, 142, 143 
Permsep membranes, 641 


Petroleum distillation, 48, 411—415 
design data, 415 
flowsketch of crude distillation, 414 
linear velocities, 415 
overflash, 415 
pressure drop, 415 
pseudocomponent mixtures, 412, 413 
refinery block diagram, 412 
stripping steam usage, 415 
TBP (true boiling point) curve, 409, 
412, 413 
tray requirements, 415 
Petroleum products compositions, 680 
Petroleum properties correlations, 413 
Petroleum refinery flowsketch, 26 
PFR (plug flow reactor), 55, 558 
comparison with CSTR, complex 
reactions, 569 
volume ratio to CSTR, 571 
Phase diagrams 
nitrotoluene isomers, 544 
salt solutions, 526 
use of, example, 528 
Phenol by the chlorbenzene process, 34 
Phosgene synthesis, 594 
Phthalic anhydride synthesis, 593 
PID (proportional-integral-derivative) 
controllers, 41, 42 
Pinenes separation, chromatographic, 521 
Pipe fittings resistances, 95, 98-100 
Pipelines 
networks, 98, 100—102 
non-Newtonian liquids, 106 
optimum economic size, 102, 103 
Piping 
dimensions, 675 
schedule number, 129 
Piston pump. See Positive displacement 
pumps 
Plate and frame filters, 319 
performance, 331 
sizes, commercial, 323 
Plate exchangers, 189, 195 
Plates, fractionating. See Trays 
Pneumatic conveying, 71—76 
dense phase transfer, 74 
equipment, 72, 73, 75 
flow rates, 72 
operating conditions, 73 
pilot plant, 74 
power requirements, 72, 74, 77 
pressure drop, 76, 77 
Pneumatic conveying dryers, 255 
performance, 263, 264 
pilot plant size, 237 
sizing example, 266, 277 
sketches, 265 
Podbielniak extractor, 478, 484, 487 
Poiseuille equation, 94 
Polyethylene reactor, 573, 574 
Polytropic head, 156 
Positive displacement pumps 
application range, 143 
characteristics, 134, 143 
discharge curves, 135, 141 
efficiency, 135 
steam consumption, 135 
Powder blenders, 301, 303 
Power law behavior, non-Newtonian, 71 
Power number, mixing, 290-292 
limiting values, 293 
Power requirement for pipelines, 98 


Power supply, 9 
from a hot gas stream, 12 
generation with steam, 11 
Pressure control, 42, 44, 51, 52, 59, 60 
Pressure drop 
cyclone separators, 617 
gas-solid flow, 119—120 
granular beds, 117 
heat exchanger example, 193, 194 
heat exchangers, 188 
non-Newtonian flow, 106—109 
wire mesh pads, 616 
Pressure drop, piplines, 92 
chart method, 96 
two-phase flow, 116 
typical values, 95 
Pressure vessel code, ASME, 625 
Prilling, 361, 362 
equipment size, 367 
flowsketch, 366 
operating data, 367 
products of, 367 
size distribution, 362 
Prism membrane separation process, 633, 
643 
Propeller pump, 143 
Proprietary equipment, 1 
Propylene oxide synthesis, 34 
Pseudoplasticity, 71, 103, 104 
Psychrometric chart, 232 
application example, 234 
wide temperature range, 233 
Pulsed extractors, 478, 482, 487 
amplitude of pulse, 484 
frequency, 484 
hole size, 484 
interfacial tension effect, 484 
packing size 484 
pulsing modes, 481 
Pumps, 131-144 
application ranges, 143, 150 
characteristic curves, 134, 137 
characteristics, 144 
control, 55, 58, 59 
dimensionless groups, 131 
efficiency, 144 
efficiency, Moody’s formula, 131, 132 
glossary, 166 
parallel operation, 133, 147 
performance, 144, 150 
performance, dimensionless, 131, 132 
performance, typical, 144 
seals, 137, 142 
selection criteria, 140, 143, 144 
series operation, 133, 147 


q, distillation feed condition, 381 
q-line, McCabe- Thiele diagram, 381 
Questionnaires, vendors, index, 727 


Raoult’s jaw, 371 

Rates, chemical reactions, 549 
basic equations, 554 
constant pressure, 554 
constant volume, 554 
integrals of equations, 556 
Langmuir—Hinshelwood mechanism, 

554 

law of mass action, 554 
plug flow reactor, 555 
simultaneous reactions, 554 
solid catalyzed, 554 


stirred tanks, 555 
temperature effects, 553, 554 
Rate equations, chemical 
basic, 554 
integrals of, 556 
plug flow reactor, 555 
stirred tanks, 555 
Rayleigh distillation, 378 
multicomponent, 379 
Raymond flash dryer, 265 
performance, 263 
Raymond mill, 345 
RDC (rotating disk contactor), 482, 487 
capacity, 487, 489 
design example, 488 
formulas, 489 
Reactors, chemical, 567-582 
classification, 568 
ebbulating bed, 593 
fermentation, 654, 659, 660 
fired heater, 574, 575 
fixed bed, 572 
flame, 573 
fluidized bed, 577, 591, 592 
gas-liquid, 570, 571 
immiscible liquids, 570, 571 
mixed, 570 
moving bed, 574, 588, 589 
pebble heater, 574, 575, 578 
rotary kiln, 575, 576, 590 
stirred tanks, 567-569 
stirred tanks, batch and continuous, 569 
stirred tanks, typical proportions, 568 
tubular flow, 569 
Reactors, fementation, 654, 659, 660 
Reboilers, 206-208 
control, 47 
design example, 209 
guide to selection, 208 
sketches, 175 
Reciprocating pumps. See Positive 
displacement pumps 
Reciprocating compressors, 146, 148, 149 
sizes of commerical equipment, 153, 154 
Redler conveyors, 85 
sizing calculation, 88 
Reflux, distillation, 371 
minimum, ratio, 382, 387, 397 
optimum, ratio, 382, 387 
Reflux drums, 612 
holdup, 612 
sketch, typical, 613 
Watkins method for sizing, 612 
Reforming, platinum catalyst, 572 
Refractories, properties, 223 
Refrigerants, 226 
characteristics, 15 
data, 227 
freons, 228 
Refrigeration, 224 
ammonia absorption, 226, 227, 229 
cascades, 226 
circuits, 225 
compression, 224—227 
thermodynamic diagrams, 225 
Regenerators, 188 
Relative volatility, 374 
correlation example, 375 
Residence time distribution, 556, 558, 559 
commercial and pilot equipment, 559 
CSTR battery, 558, 559 
dispersion model, 560 
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dryers, 245 
Erlang distribution, 556 
impulse response, 556 
laminar flow, 561 
Peclet number, 558, 559 
PFR, 558, 559 
variance, 558 
Residual enthalpy and entropy, 158, 159 
Reverse osmosis. See Osmosis, 
Desalination 
ethanol/water separation, 642 
Reynolds number, 92 
non-Newtonian flow, 108, 109 
Rheopectic liquids, 104, 105 
Кірріе trays, 426 
Roll presses, 358 
commercial sizes, 364 
product list, 363 
Rotary compressors, 149 
performance data, 154, 155 
Rotary dryers, 247 
design details, 256 
performance, 257—259 
scaleup, 256 
sketches, 254, 255 
tray type, 251 
Rotary kiln reactors, 575, 590 
Roughness factor, piplines, 94 
Rounds equation, friction factor, 94 
RRS (Rosin- Rammler-Sperling) 
equation, 525, 530-532 
Rules of thumb 
compressors and vacuum pumps, xiii 
conveyors for particulate solids, xiii 
cooling towers, xiii 
crystallization from solution, xiv 
disintegration, xiv 
distillation and gas absorption, xiv 
drivers and power recovery equipment, 
ху 
drying of solids, x 
evaporators, Xv 
extraction, liquid-liquid, xv 
filtration, xvi 
fluidization of particles with gases, xvi 
heat exchangers, xvi 
insulation xvi 
mixing and agitation, xvii 
particle size enlargement, xvii 
piping, xvii 
reactors, xvii 
refrigeration, xviii 
size separation of particles, xviii 
utilities, common specifications, xviii 
vessels (drums), xviii 
vessels (pressure), xviii 
vessels (storage), xix 


Safety factors, 6, 7 
equipment sizing, table, 7 

Safety, plant, 7 
checklist about chemical reactions, 8 
checklist of startup and shutdown, 8, 9 
potential hazards, 8 

Salicylic acid purification, 646 

Salt cake furnace, 590 

Sand cracking reactor, 593 

Sand filters, 318, 322 

SC (simultaneous correction) method, 

404, 408, 410 

algorithm flowsketch, 411 

SCFT concept, filtration, 317 


754 INDEX 


Scatchard-Hildebrand equation, 374 
Schacham equation, friction factor, 94 
Scheibel extractor, 483, 487 
Schildknecht column, 543, 544, 546 
Screens, separating, 335, 337 
capacity, 335, 340 
flat, 335 
reciprocating, 335 
revolving, 335 
rotary sifter, 335 
sketches, 338 
Screw conveyors, 76, 79, 80 
sizing calculation, 80 
sizing data, 79 
types of screws, 80 
Screw pumps, 134, 141 
performance, 148 
Sedimentation 
behavior, 305-307 
equipment, 319 
equipment sketches, 320, 338 
Segregated flow, 560 
volume ratio to CSTR, 561 
volume ratio to maximum mixedness, 
560 
Separation, solid-liquid. See also 
Filtration 
chief mechanical means, 305 
clarifying, 315, 320 
comparison of equipment, 307 
experimental selection routine, 308 
flocculants, 309 
slurry pretreatment, 309 
thickening, 315, 320 
Separators, gas-liquid 
cyclones, 616 
wire mesh, 616 
Separators, liquid-liquid, 612 
dispersed phase criteria, 612-615 
droplet sizes, 612 
example, calculation, 614 
Settling rate, 70 
Newton's equation, 614 
Stokes' equation, 612, 614 
Shale oil reactor, 589 
Shell and tube heat exchangers, 195 
design, 199 
design procedure, 202 
internals, 201 
Sketches, 178 
TEMA classification, 200 
tube counts, 203 
Sherwood-Lobo flooding correlation, 441 
Siemens-Martin furnace-regenerator, 590 
Sieve tray extractors, 483 
capacity, 484, 487 
diameters, 483, 487 
efficiency, 483, 487 
pulsed, 478, 483, 487 
sizing example, 486 
Sieve trays, 428 
assembly in a tower, 428 
comparison with other types, example, 
431 
malfunctions, 431 
operating ranges, 431 
phenomena, 430 
specifications, 429 
Sintering, 363 
process sketch, 359 
Size enlargement, 351—369 
prilling, 361, 362 


products, 354 
product shapes, 362 
Size enlargement equipment, 351 
disk granulators, 352, 355 
extruders, 358 
fluidized bed, 362, 368, 369 
paddle blender, 360 
pin mixer, 361 
roll presses, 358, 363 
rotating drum, 353, 357 
spouted bed, 362 
tumblers, 351, 355 
Size reduction, 339-350 
application, various materials, 343, 344 
operating ranges of equipment, 343 
power requirement, example, 342 
size distribution of product, 337 
surface energy, 339 
work index, 342 
work required, 339, 342 
Size reduction equipment, 341 
attrition mills, 343, 348, 351 
ball mills, 342, 351 
buhrstone, 343, 352 
colloid, 343, 352 
disk attritor, 343, 352 
gyratory, 343, 352 
hammer mills, 341, 346, 350, 351 
jaw crushers, 341, 346, 349 
jet mills, 350, 351, 352 
mikro-pulverizer, 350 
pebble mills, 343 
rod mills, 342, 346, 347 
roll crushers, 341, 346, 349 
roller mills, 343, 345, 348, 351, 352 
squirrel cage disintegrator, 343, 352 
tube mills, 343, 346, 351 
tumbling mills, 342 
Slurry pretreatment, 309, 315 
Slurry transport, 69—71 
critical velocity, 69 
pressure drop, 69-71 
Soave equation of state, 373 
Sodium carbonate/water diagram, 530 
Sodium sulfate/water diagram, 529 
Solubility of solids, 523 
data, 525 
phase diagrams, 526 
supersaturation, 525, 527, 528 
Souders- Brown correlation, 432 
Space velocity, 549—553 
Specification forms, index, 681 
Specific speed, pumps, 131, 133, 136 
Spouted beds, 362 
Spray dryers, 268-279 
atomizers, 274, 276 
operating variables, 277 
particles sizes, 276 
performance, 275 
pilot plant performance, 278 
pilot unit, 237, 278 
product density, 276 
product number 278 
residence time, 270 
residence time distribution, 245 
sizing example, 279 
sketches, 274 
SR (sum rates) method, 407, 409 
algorithm flowsheet, 408 
Standards and codes, 2, 3 
Steam heaters, 45, 46 
Steam jet ejectors, 143, 162 


arrangements, 163 

performance profiles, 166 

steam consumption, 165 

theory, 166 
Steam supply 

characteristics, 15 

generation, 9, 10 

power generation, 11 
Steam turbines 

advantages, 62 

data sheet, 66 

efficiency, 63 

steam requirement, calculation, 65 

theoretical steam rates, 64 
Steam, water properties, 673, 674 
Stirred tank, crystallization model, 533- 

539 

applicability of the model, 536 

data analysis, example, 537 

multiple tanks, 536 

performance, example, 538 

product size distribution, 539 
Stirred tank design, 287, 288 

baffles, 287 

draft tubes, 287 

impellers, 288—290, 293, 294 

sketch, basic, 288 
Stirred tank impellers 

descriptions, 288, 290 

location, 288 

size, 288 

size, calculation example, 293, 294 

sketches, 289 

speed, 288 
Stokes equation, 70, 612, 614 
Storage tanks, 619 

API standard sizes, 622 

buried, 621 

granular solids, 624 

horizontal, 619 

large sizes, 623 

pressure, 621 

supports, 621, 624 

vertical, 621 
Structured packings, 437 
Sublimation, 638 

equipment, 639 

products, 646 

salicylic acid purification, 646 
Sulfur dioxide oxidation reactors, 572, 

578-580 

reaction equilibria, 580 

temperature profiles, 580 
Sulfur isotope separation, 650 
Supercooling, maximum, 527, 528 
Supersaturation, 525, 527, 528 

crystal growth rate and, 533 

data, 527 

thermodynamic analysis, 531 
Suspension of particles, 295, 296 

data, 298 

example calculation, 299 
Suspensions, non-Newtonian behavior, 71 
Sweetland filter, 319, 323-325 
Symbols, flowsheet, 21-25 
Synthetic fuel reactors, 585, 594, 595 


Tabletting machines, 356 
Manesty, 356, 358 
product shapes, 362 
Sharples, 356, 358 
US Pharmacopeia specifications, 357 


Tall ой distillation, 36 


ТЕМА classification, heat exchangers, 200 


Temperature control, 42, 45-47 
Temperature difference, 172 
logarithmic mean, 172 
multipass exchangers, 173, 175-177 
Temperature profiles, heat exchangers, 
173 
Temperature profiles, reactors 
ammonia synthesis, 582, 584 
cement kiln, 590 
cracking of petroleum, 595 
endo- and exothermic processes, 584 
jacketed tubular reactor, 584 
methanol synthesis, 580 
phosgene synthesis, 594 


reactor with internal heat exchange, 584 


sulfur dioxide oxidation, 580 
visbreaking, 595 
Thermal conductivity 
insulating materials, 222 
packed beds, 587, 599-601 
Thermal diffusion separation, 642 
Cell sketch, 649 
hydrocarbon isomers, 644, 649 
isotopes, 651 
performance, 649 
sulfur isotopes, 650 
Thermosiphon reboilers, 207 
calculation example, 193 
Theta method, heat exchangers, 179, 181, 
182 
chart, 181 
example calculation, 182 
Thickeners, 315, 320 
performance, 307, 320 
Sketches, 320, 338 
Thiele- Geddes method, 404, 407 
Thiele modulus, 566 
Thixotropic liquids, 104—106 
Tielines, liquid-liquid equilibria, 460, 461 
Hand correlation, 463, 465 
Ishida correlation, 463, 465 
Othmer and Tobias correlation, 463, 
465 
Trays, fractionating 
assembly of sieve trays, 428 
bubblecap, 428, 430-433 
capacity, F-factor, 429 
capacity, Jersey Critical, 432 
capacity, Souders~Brown, 432 
cartridge, 428 
design data sheet, 429 
dualfiow, 426 
efficiency, 439-456 
Linde, 430 
ripple, 426 
sieve, 428, 429 
turbogrid, 426 
types, 426 
valve, 429, 430, 432 
Trickle reactors, 576, 607 
Tridiagonal matrix, 407 
Trommels, 335 
Tube count table, heat exchangers, 203 
Tubular heat exchangers 
sketches, 174, 175 


TEMA classification, 200 
tube count table, 203 
Turbine pumps, 134, 139, 140, 142, 143 
Turner equation, leaching, 466 
Turbogrid trays, 426 
Two-phase fluid flow, 111, 113-117 
correlations, 115 
granular beds, 118 
homogeneous model, 113 
Lockhart—Martinelli method, 115, 116 
patterns, 114 
pressure drop, calculation example, 116 
segregated flow model, 114 
void fraction, 116 
Tyler sieves, 336 


Ultrafiltration, 631 
applications, 633 
membranes, 637-639 

Underwood minimum reflux 
binary, 387 
multicomponent, 397 

Units, conversion of, 671, 672 

UNIQUAC equation, 475 

Upflow fixed beds, 609 

Uranium recovery, 515 

Utilities, typical characteristics, 15 


Vacuum drum filters, 319 
air flow rates, 328 
applications, 332 
cycle design, 328 
flowsketch, 326 
laboratory test data, 312 
minimum cake thickness, 328 
operation, calculation example, 312, 
313 
operation modes, 326 
performance, 307, 333 
sizes, commercial, 327 
Vacuum filter, horizontal, 321 
performance, 307 
sizes, commercial, 327 
Sketches, 325 
Vacuum pumps, 162 
air leakage, 164, 165 
operating ranges, 145 
steam jet ejectors, 163, 165, 166 
Vacuum systems 
air leakage, 164, 165 
other gas leakage, 165 
Vallez filter, 319, 323-325 
Valve trays, 429-432 
comparison with other types, example, 
431 
diameter sizing chart, 432 
Sketches of valves, 430 
Valves, 129 
control, 129—131 
friction in, 99 
van der Waals equation of state, 111, 113 
Vapor-liquid equilibria, 371 
binary data, 376 
binary х-у diagrams, 375 
in presence of solvents, 416, 418—420 
Raoult's law, 371 
relative volatility, 374 
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VER chart, 372 
Vapor-liquid equilibrium data 
acetone/methanol, 416 
acetone/water, 416, 423 
butadiene, 420 
butane/2-butene in solvents, 419 
butanol/water, 388 
chloroform/acetone/MIBK, 416 
cyclohexane/benzene in solvents, 418 
ethane/butane/pentane, 378 
ethanol/acetic acid, 385 
ethanol/butanol, 375 
ethanol/water, 387, 416 
heptane/methylcylohexane in solvents, 
418 
isoprene, 420 
methylethylketone/water, 423 
octane/toluene/phenol, 416 
Velocities in pipelines, typical, 95 
Vendors questionnaires, list, 727 
VER (vaporization equilibrium ratio), 371 
chart, 372 
Vessels, process 
ASME code, 625 
design example, 628 
heads, 624, 625 
heads, types, 627, 628 
mechanical design, 621 
pressure, 623 
shells, 624, 625 
temperature, 623 
tensile strength, 623, 626 
thickness formulas, 625 
Visbreaker operation, 33 
Viscosity units, 91 
Volatility, relative, 374, 375 


Wang-Henke method, 404, 408 
algorithm flowsketch, 406 
Water 
cooling, typical conditions, 15 
properties, 673, 674 
vapor pressure, 231 
Wet bulb temperature, 234 
WHSV, 549 
Wilson equation, activity coefficients, 374 
Wilson-Lobb-Hottel equation, 214 
application, 219 
Winkier process, 582 
Wire mesh deentrainers, 615 
calculation example, 620 
disengaging space, 616 
key dimensions, 618 
k-values, 615 
pressure drop, 616 
typical installations, 616 
Work index, size reduction, 342 
Wyssmont dryer, 237, 251 


Xylenes separation by crystallization, 544, 
5 


Zippered belt conveyor, 84 
sizing calculation, 88 
Zwietering equation, maximum 
mixedness, 560 
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